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1

HYBRID MAIN-AUXILIARY FIELD-EFFECT
TRANSISTOR CONFIGURATIONS FOR
RADIO FREQUENCY APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-

cation No. 62/399,635 filed Sep. 26, 2016 and entitled
“Master-Slave Fleld-*'Tect Tran31st0r Conﬁguratlons for
Radio Frequency Applications,” which 1s expressly incor-
porated by reference herein 1n 1ts entirety for all purposes.

BACKGROUND

Field

The present disclosure generally relates to transistor and
switch configurations for wireless communication.

Description of Related Art

In electronics applications, field-eflect transistors (FETs)
can be utilized as switches and 1n amplifiers. Switches can
allow, for example, routing of radio-frequency (RF) signals
in wireless devices. FETs 1n switches and other circuits can
introduce distortions into signals due at least i part to
harmonics generated by the FETs.

SUMMARY

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function, the circuit assembly having a branch
including a main path in parallel with an auxiliary path, a
first gate bias network connected to the main path, and a
second gate bias network connected to the auxiliary path, the
second gate bias network configured to improve linearity of
the switching function.

In some embodiments, the circuit assembly further
includes a body bias network coupled to the main path. In
some embodiments, the body bias network 1s further
coupled to the auxiliary path.

In some embodiments, the main path comprises a plural-
ity of field-eflect transistors. In some embodiments, the
auxiliary path comprises a plurality of field-effect transis-
tors.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1 a shunt con-
figuration. In some embodiments, the second gate bias
network 1s configured to reduce capacitive nonlinearity of
the switching function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path 1n a weak mversion region. In some embodi-
ments, the circuit assembly further includes a bias feedback
module configured to adjust a bias of the second gate bias
network based at least in part on a power or a frequency of
an input signal to the branch. In some embodiments, the
second gate bias network 1s configured to bias the auxiliary
path to generate third-order harmonics or third-order inter-
modulation products that are opposite in phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) switching con-
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figuration 1including an input node configured to receive an
input signal; an output node configured to provide an output
signal related to the mput signal; a main-auxiliary branch
coupled between the input node and the output node, the
main-auxiliary branch including a main path having a main
field-eflect transistor (FET) and an auxiliary path having an
auxiliary FET, the main path coupled in parallel with the
auxiliary path; a main gate bias network configured to
provide a main gate bias voltage to the main FET; and an
auxiliary gate bias network configured to provide an auxil-
1ary bias voltage to the auxiliary FET such that the auxiliary
path generates distortions that are opposite 1n phase to
distortions generated by the main path to reduce distortions
through the main-auxiliary branch.

In some embodiments, the main FET 1s configured to
operate 1n a strong inversion region responsive to the main
bias voltage. In some embodiments, the auxiliary FET 1s
configured to operate 1n a weak 1nversion region responsive
to the auxiliary bias voltage.

In some embodiments, the main gate bias voltage 1s
greater than the auxiliary gate bias voltage. In some embodi-
ments, the main path further includes a second main FET. In
some embodiments, the main gate bias network 1s further
configured to provide the main gate bias voltage to the
second main FET.

In some embodiments, the auxihiary path further includes
a second auxiliary FET. In some embodiments, the auxihary
gate bias network 1s further configured to provide the
auxiliary gate bias voltage to the second auxiliary FET. In
some embodiments, the RF switching configuration further
includes a second auxiliary gate bias network configured to
provide a second auxiliary gate bias voltage to the second
auxiliary FET. In some embodiments, the second auxiliary
gate bias voltage 1s diflerent from the auxiliary gate bias
voltage. In some embodiments, the main gate bias network
1s Turther configured to provide the main gate bias voltage to
the second auxiliary FET.

In some embodiments, the RF switching configuration
further 1includes a body bias network configured to provide
a body bias voltage to the main FET and to the auxihary
FET. In some embodiments, the main gate bias network 1s
configured to provide two static voltages to the main FET
corresponding to on and off states. In some embodiments,
the auxiliary gate bias network 1s configured to provide a
dynamic voltage to the auxiliary FET. In some embodi-
ments, the auxiliary gate bias network i1s configured to
generate the auxiliary gate bias voltage responsive to a
power of the input signal at the input node. In some
embodiments, the auxiliary gate bias network 1s configured
to generate the auxiliary gate bias voltage responsive to a
frequency of the mput signal at the mput node.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) module includ-
ing a packaging substrate configured to receive a plurality of
devices; and a circuit assembly mounted on the packaging
substrate, the circuit assembly 1including a branch including
a main path 1n parallel with an auxiliary path, a first gate bias
network connected to the main path, and a second gate bias
network connected to the auxiliary path, the second gate bias
network configured to improve linearity of the switching
function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path in a weak inversion region.

According to a number of implementations, the present
disclosure relates to a wireless device including a transceiver
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configured to process radio-frequency (RF) signals; an RF
module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a main path 1n parallel with an auxiliary path, a
first gate bias network connected to the main path, and a
second gate bias network connected to the auxiliary path, the
second gate bias network configured to improve linearity of
the switching function; and an antenna 1n communication
with the RF module, the antenna configured to facilitate
transmitting and/or receiving of the RF signals.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path in a weak inversion region.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function, the circuit assembly including a branch
including a main path in series with an auxiliary path; a first
gate bias network connected to the main path; and a second
gate bias network connected to the auxiliary path, the second
gate bias network configured to improve linearity of the
switching function.

In some embodiments, the circuit assembly further
includes a body bias network coupled to the main path. In
some embodiments, the body bias network 1s further
coupled to the auxiliary path.

In some embodiments, the main path comprises a plural-
ity of field-effect transistors. In some embodiments, the
auxiliary path comprises a plurality of field-effect transis-
tors.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node in a shunt con-
figuration. In some embodiments, the second gate bias
network 1s configured to reduce capacitive nonlinearity of
the switching function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path 1n a weak mversion region. In some embodi-
ments, the circuit assembly further includes a bias feedback
module configured to adjust a bias of the second gate bias
network based at least 1n part on a power or a frequency of
an input signal to the branch. In some embodiments, the
second gate bias network 1s configured to bias the auxiliary
path to generate third-order harmonics or third-order inter-
modulation products that are opposite in phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) switching con-
figuration including an input node configured to receive an
input signal; an output node configured to provide an output
signal related to the mnput signal; a main-auxiliary branch
coupled between the input node and the output node, the
main-auxiliary branch including a main path having a main
field-effect transistor (FET) and an auxiliary path having an
auxiliary FET, the main path coupled in series with the
auxiliary path; a main gate bias network configured to
provide a main gate bias voltage to the main FET; and an
auxiliary gate bias network configured to provide an auxil-
1ary bias voltage to the auxiliary FET such that the auxiliary
path generates distortions that are opposite 1n phase to
distortions generated by the main path to reduce distortions
through the main-auxiliary branch.

In some embodiments, the main FET 1s configured to
operate 1n a strong mversion region responsive to the main
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bias voltage. In some embodiments, the auxiliary FET 1s
configured to operate 1n a weak 1nversion region responsive
to the auxiliary bias voltage.

In some embodiments, the main gate bias voltage 1s
greater than the auxiliary gate bias voltage. In some embodi-
ments, the main path further includes a second main FET. In
some embodiments, the main gate bias network 1s further
configured to provide the main gate bias voltage to the
second main FET.

In some embodiments, the auxiliary path further includes
a second auxiliary FET. In some embodiments, the auxiliary
gate bias network 1s further configured to provide the
auxiliary gate bias voltage to the second auxiliary FET. In
some embodiments, the circuit assembly further including a
second auxiliary gate bias network configured to provide a
second auxiliary gate bias voltage to the second auxiliary
FET. In some embodiments, the second auxiliary gate bias
voltage 1s diflerent from the auxiliary gate bias voltage. In
some embodiments, the main gate bias network 1s further
configured to provide the main gate bias voltage to the
second auxiliary FET.

In some embodiments, the circuit assembly further
includes a body bias network configured to provide a body
bias voltage to the main FET and to the auxiliary FET. In
some embodiments, the main gate bias network 1s config-
ured to provide two static voltages to the main FET corre-
sponding to on and off states. In some embodiments, the
auxiliary gate bias network 1s configured to provide a
dynamic voltage to the auxiliary FET. In some embodi-
ments, the auxiliary gate bias network i1s configured to
generate the auxiliary gate bias voltage responsive to a
power of the input signal at the iput node. In some
embodiments, the auxiliary gate bias network 1s configured
to generate the auxiliary gate bias voltage responsive to a
frequency of the mput signal at the mput node.

According to a number of 1implementations, the present
disclosure relates to a radio-frequency (RF) module includ-
ing a packaging substrate configured to receive a plurality of
devices; and a circuit assembly mounted on the packaging
substrate, the circuit assembly 1including a branch including,
a main path 1n series with an auxiliary path, a first gate bias
network connected to the main path, and a second gate bias
network connected to the auxiliary path, the second gate bias
network configured to improve linearity of the switching
function.

In some embodiments, the first gate bias network 1s
coniigured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path in a weak inversion region.

According to a number of 1implementations, the present
disclosure relates to a wireless device that includes a trans-
ceiver configured to process radio-frequency (RF) signals;
an RF module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a main path 1n series with an auxiliary path, a first
gate bias network connected to the main path, and a second
gate bias network connected to the auxiliary path, the second
gate bias network configured to improve linearity of the
switching function; and an antenna 1n communication with
the RF module, the antenna configured to facilitate trans-
mitting and/or recerving of the RF signals.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
auxiliary path in a weak inversion region.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
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switching function that includes a branch mcluding a main
path in parallel with an auxiliary path; and a gate bias
network connected to the main path and to the auxiliary
path, the main path and the auxiliary path each having
different structures that are configured to improve linearity
of the switching function.

In some embodiments, the gate bias network 1s configured
to bias the main path 1n a strong inversion region and to bias
the auxiliary path in a weak inversion region. In some
embodiments, the gate bias network 1s configured to bias the
auxiliary path to generate third-order harmonics or third-
order intermodulation products that are opposite in phase to
third-order harmonics or third-order intermodulation prod-
ucts generated by the main path.

In some embodiments, the different structures include
different well implants. In some embodiments, the different
structures include different halo implants. In some embodi-
ments, the diflerent structures include diferent device
geometries. In some embodiments, the different structures

include different gate oxide thicknesses. In some embodi-
ments, the different structures include different buried oxide
(BOX) layer thickness. In some embodiments, the different
structures include different silicon thickness.

In some embodiments, the circuit assembly further
includes a body bias network connected to both the main
path and the auxiliary path. In some embodiments, the main
path and the auxiliary path are part of a multi-finger device.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function that includes a branch including a main
path 1n series with an auxiliary path; and a gate bias network
connected to the main path and to the auxiliary path, the
main path and the auxiliary path each having diflerent
structures that are configured to improve linearity of the
switching function.

In some embodiments, the gate bias network 1s configured
to bias the main path 1n a strong inversion region and to bias
the auxiliary path in a weak inversion region. In some
embodiments, the gate bias network 1s configured to bias the
auxiliary path to generate third-order harmonics or third-
order intermodulation products that are opposite 1n phase to
third-order harmonics or third-order intermodulation prod-
ucts generated by the main path. In some embodiments, the
branch further includes a second auxiliary path 1n series with
the main path and the auxiliary path.

In some embodiments, the auxiliary path includes a
plurality of field-eflect transistors. In some embodiments,
the main path includes a plurality of field-eflect transistors.
In some embodiments, a first subset of the plurality of
ficld-efiect transistors of the auxiliary path i1s coupled to an
input of the branch, a second subset of the plurality of
field-efiect transistors of the auxiliary path i1s coupled to an
output of the branch, and the plurality of field-eflect tran-
s1stors of the main path are coupled between the first subset
and the second subset of the plurality of field-efiect transis-
tors of the auxiliary path.

In some embodiments, the circuit assembly further
includes a body bias network connected to the main path and
to the auxiliary path.

In some embodiments, the different structures include at
least one of different well implants, halo implants, device
geometries, gate oxide thicknesses, buried oxide layer thick-
nesses, or silicon thicknesses. In some embodiments, the
main path and the auxiliary path are part of a multi-finger
device.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1n a shunt con-
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figuration. In some embodiments, the second gate bias
network 1s configured to reduce capacitive nonlinearity of
the switching function.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) module that
includes a packaging substrate configured to receive a
plurality of devices; and a circuit assembly mounted on the
packaging substrate, the circuit assembly including a branch
including a main path in parallel with an auxiliary path, and
a gate bias network connected to the main path and to the
auxiliary path, the main path and the auxiliary path each
having different structures that are configured to improve
linearity of the switching function.

In some embodiments, the gate bias network 1s configured
to bias the main path 1n a strong inversion region and to bias
the auxiliary path in a weak inversion region. In some
embodiments, the circuit assembly 1s implemented 1n a
series arm of a multi-pole, multi-throw switch.

According to a number of implementations, the present
disclosure relates to a wireless device that includes a trans-
ceiver configured to process radio-frequency (RF) signals;
an RF module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a main path 1n series with an auxiliary path, a first
gate bias network connected to the main path, and a second
gate bias network connected to the auxiliary path, the second
gate bias network configured to improve linearity of the
switching function; and an antenna in communication with
the RF module, the antenna configured to facilitate trans-
mitting and/or recerving of the RF signals.

In some embodiments, the gate bias network 1s configured
to bias the main path 1n a strong inversion region and to bias
the auxiliary path in a weak inversion region. In some
embodiments, the circuit assembly 1s implemented to switch
signals to and from the antenna. In some embodiments, the
circuit assembly 1s implemented in a series arm ol a multi-
pole, multi-throw switch.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function, the circuit assembly that includes a
branch including a main path in parallel with an auxiliary
path, both the main path and the auxiliary path having a
plurality of field-eflect transistors; a first gate bias network
connected to the main path; a second gate bias network
connected to a first subset of the plurality of FETs of the
auxiliary path; and a third gate bias network connected to a
second subset of the plurality of FETs of the auxiliary path,
the second gate bias network and the third gate bias network
being independently configurable to improve linearity of the
switching function.

In some embodiments, the third gate bias network 1s
configured to bias the second subset of the plurality of FETSs
using a first voltage. In some embodiments, the second gate
bias network 1s configured to bias the third subset of the
plurality of FETs using a second voltage different from the
first voltage. In some embodiments, the second gate bias
network 1s configured to bias the third subset of the plurality
of FETs using a second voltage equal to the first voltage.

In some embodiments, the third gate bias network 1s
configured to turn ofl the second subset of the plurality of
FETs of the auxihiary path to improve linearity of the
switching function. In some embodiments, the second subset
of the plurality of FETs of the auxiliary path includes a
greater number of FETs than the first subset of the plurality
of FETs of the auxiliary path. In some embodiments, the
second subset of the plurality of FETs of the auxiliary path
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includes the same number of FETs as the first subset of the
plurality of FETs of the auxiliary path.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region,
the second gate bias network 1s configured to bias the first
subset of the plurality of FETs of the auxiliary path 1n a weak
inversion region, and the third gate bias network 1s config-
ured to bias the second subset of the plurality of FETs of the
auxiliary path in a weak inversion region.

In some embodiments, the second gate bias network 1s
configured to bias the first subset of the plurality of FETs of
the auxiliary path to generate third-order harmonics or
third-order intermodulation products that are opposite in
phase to third-order harmonics or third-order intermodula-
tion products generated by the main path. In some embodi-
ments, the third gate bias network 1s configured to bias the
second subset of the plurality of FETs of the auxiliary path
to generate third-order harmonics or third-order mtermodu-
lation products that are opposite in phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1n a shunt con-
figuration. In some embodiments, the second gate bias
network and the third gate bias network are configured to
reduce capacitive nonlinearity of the switching function.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function, the circuit assembly that includes a
branch including a main path in series with an auxiliary path,
both the main path and the auxiliary path having a plurality
of field-eflect transistors; a first gate bias network connected
to the main path; a second gate bias network connected to a
first subset of the plurality of FETs of the auxiliary path; and
a third gate bias network connected to a second subset of the
plurality of FETs of the auxiliary path, the second gate bias
network and the third gate bias network being independently
configurable to improve linearity of the switching function.

In some embodiments, the third gate bias network 1s
configured to bias the second subset of the plurality of FETSs
using a first voltage. In some embodiments, the second gate
bias network 1s configured to bias the third subset of the
plurality of FETs using a second voltage different from the
first voltage. In some embodiments, the second gate bias
network 1s configured to bias the third subset of the plurality
of FETs using a second voltage equal to the first voltage.

In some embodiments, the third gate bias network 1s
configured to turn ofl the second subset of the plurality of
FETs of the auxiliary path to improve linearity of the
switching function. In some embodiments, the second subset
of the plurality of FETs of the auxiliary path includes a
greater number of FE'Ts than the first subset of the plurality
of FETs of the auxiliary path. In some embodiments, the
second subset of the plurality of FETs of the auxiliary path
includes the same number of FETs as the first subset of the
plurality of FETs of the auxiliary path. In some embodi-
ments, the first gate bias network 1s configured to bias the
main path in a strong inversion region, the second gate bias
network 1s configured to bias the first subset of the plurality
of FETs of the auxiliary path 1n a weak 1nversion region, and
the third gate bias network 1s configured to bias the second
subset of the plurality of FETs of the auxiliary path 1n a weak
Inversion region.

In some embodiments, the second gate bias network 1s
configured to bias the first subset of the plurality of FETs of
the auxiliary path to generate third-order harmonics or
third-order intermodulation products that are opposite in
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phase to third-order harmonics or third-order intermodula-
tion products generated by the main path. In some embodi-
ments, the third gate bias network 1s configured to bias the
second subset of the plurality of FETs of the auxiliary path
to generate third-order harmonics or third-order mtermodu-
lation products that are opposite 1 phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1 a shunt con-
figuration. In some embodiments, the second gate bias
network and the third gate bias network are configured to
reduce capacitive nonlinearity of the switching function.

In some embodiments, the first subset of the plurality of
field-eflect transistors of the auxiliary path 1s coupled to an
input of the branch, the second subset of the plurality of
field-eflect transistors of the auxiliary path 1s coupled to an
output of the branch, and the plurality of field-eflect tran-
sistors of the main path are coupled between the first subset
and the second subset of the plurality of field-eflect transis-
tors of the auxiliary path.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) module that
includes a packaging substrate configured to receive a
plurality of devices; and a circuit assembly mounted on the
packaging substrate, the circuit assembly including a branch
including a branch including a main path in parallel with an
auxiliary path, both the main path and the auxiliary path
having a plurality of field-etlect transistors, a first gate bias
network connected to the main path, a second gate bias
network connected to a first subset of the plurality of FETs
of the auxiliary path, and a third gate bias network connected
to a second subset of the plurality of FETs of the auxiliary
path, the second gate bias network and the third gate bias
network being independently configurable to improve lin-
carity of the switching function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong 1nversion region,
the second gate bias network 1s configured to bias the first
subset of the plurality of FETs of the auxiliary path in a weak
inversion region, and the third gate bias network 1s config-
ured to bias the second subset of the plurality of FETs of the
auxiliary path 1n a weak 1nversion region.

According to a number of implementations, the present
disclosure relates to a wireless device that includes a trans-
ceiver configured to process radio-frequency (RF) signals;
an RF module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a branch including a main path 1n parallel with an
auxiliary path, both the main path and the auxiliary path
having a plurality of field-eflect transistors, a first gate bias
network connected to the main path, a second gate bias
network connected to a first subset of the plurality of FETs
of the auxiliary path, and a third gate bias network connected
to a second subset of the plurality of FETs of the auxiliary
path, the second gate bias network and the third gate bias
network being mdependently configurable to improve lin-
carity of the switching function; and an antenna 1n commus-
nication with the RF module, the antenna configured to
facilitate transmitting and/or receiving of the RF signals.

In some embodiments, the first gate bias network 1s
coniigured to bias the main path 1n a strong 1nversion region,
the second gate bias network 1s configured to bias the first
subset of the plurality of FETs of the auxiliary path 1n a weak
inversion region, and the third gate bias network 1s config-
ured to bias the second subset of the plurality of FETs of the
auxiliary path in a weak mversion region. In some embodi-
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ments, the circuit assembly 1s implemented in a series arm
of a multi-pole, multi-throw switch.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function that includes a branch including a main
path i parallel with an auxiliary path, both the main path
and the auxiliary path having a plurality of field-eflect
transistors; a first gate bias network connected to the main
path; a second gate bias network connected to a first subset
of the plurality of FETs of the auxiliary path; and a third gate
bias network connected to a second subset of the plurality of
FETs of the auxiliary path so that the third gate bias network
switches on the auxiliary path when the main path 1s on for
nonlinear cancellation, and switches ofl the auxihiary path
when the main path 1s off to enable the branch to withstand
maximum voltage swings.

The circuit assembly of claim 1 wherein the third gate bias
network off the auxiliary path responsive to performance of
the main path performance being suflicient to achieve a
targeted linearity. In some embodiments, the third gate bias
network 1s configured to bias the second subset of the
plurality of FETs using a first voltage. In some embodi-
ments, the second gate bias network 1s configured to bias the
third subset of the plurality of FETs using a second voltage
different from the first voltage. In some embodiments, the
second gate bias network 1s configured to bias the third
subset of the plurality of FETs using a second voltage equal
to the first voltage.

In some embodiments, the third gate bias network 1s
configured to turn ofl the second subset of the plurality of
FETs of the auxiliary path to improve linearity of the
switching function. In some embodiments, the second subset
of the plurality of FETs of the auxiliary path includes a
greater number of FE'Ts than the first subset of the plurality
of FETs of the auxiliary path. In some embodiments, the
second subset of the plurality of FETs of the auxiliary path
includes the same number of FETs as the first subset of the
plurality of FETs of the auxiliary path. In some embodi-
ments, the first gate bias network 1s configured to bias the
main path in a strong inversion region and the second gate
bias network 1s configured to bias the first subset of the
plurality of FETs of the auxiliary path 1n a weak inversion
region.

In some embodiments, the second gate bias network 1s
configured to bias the first subset of the plurality of FETs of
the auxiliary path to generate third-order harmonics or
third-order intermodulation products that are opposite in
phase to third-order harmonics or third-order mtermodula-
tion products generated by the main path. In some embodi-
ments, the third gate bias network 1s configured to bias the
second subset of the plurality of FETs of the auxiliary path
to generate third-order harmonics or third-order mtermodu-
lation products that are opposite in phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1n a shunt con-
figuration. In some embodiments, the second gate bias
network and the third gate bias network are configured to
reduce capacitive nonlinearity of the switching function.

In some embodiments, the second subset of the plurality
of FETs of the auxiliary path are connected to an input of the
branch and the first subset of the plurality of FETs of the
auxiliary path are connected to an output of the branch. In
some embodiments, the second subset of the plurality of
FETs of the auxﬂlary path are connected to an output of the
branch and the first subset of the plurality of FETs of the
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auxiliary path are connected to an mput of the branch. In
some embodiments, the second subset of the plurality of
FETs of the auxiliary path are connected to an mput of the
branch and to an output of the branch and the first subset of
the plurality of FE'Ts of the auxiliary path 1s connected in
series with the second subset of the plurality of FETs of the
auxiliary path.

According to a number of 1implementations, the present
disclosure relates to a radio-frequency (RF) module that
includes a packaging substrate configured to receive a
plurality of devices; and a circuit assembly mounted on the
packaging substrate, the circuit assembly including a branch
including a main path in parallel with an auxiliary path, both
the main path and the auxiliary path having a plurality of
field-eflect transistors, a first gate bias network connected to
the main path, a second gate bias network connected to a first
subset of the plurality of FETs of the auxiliary path, and a
third gate bias network connected to a second subset of the
plurality of FETs of the auxiliary path so that the third gate
bias network switches on the auxiliary path when the main
path 1s on for nonlinear cancellation, and switches ofl the
auxiliary path when the main path 1s off to enable the branch
to withstand maximum voltage swings.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
first subset of the plurality of FETs of the auxiliary path 1n
a weak 1inversion region.

According to a number of implementations, the present
disclosure relates to a wireless device that includes a trans-
ceiver configured to process radio-frequency (RF) signals;
an RF module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a main path in parallel with an auxiliary path, both
the main path and the auxiliary path having a plurality of
field-eflect transistors, a first gate bias network connected to
the main path, a second gate bias network connected to a first
subset of the plurality of FETs of the auxiliary path, and a
third gate bias network connected to a second subset of the
plurality of FETs of the auxiliary path so that the third gate
bias network switches on the auxiliary path when the main
path 1s on for nonlinear cancellation, and switches oil the
auxiliary path when the main path 1s oil to enable the branch
to withstand maximum voltage swings; and an antenna in
communication with the RF module, the antenna configured
to facilitate transmitting and/or receiving of the RF signals.

In some embodiments, the first gate bias network 1s
coniigured to bias the main path 1n a strong inversion region
and the second gate bias network 1s configured to bias the
first subset of the plurality of FETs of the auxiliary path 1n
a weak 1nversion region.

According to a number of implementations, the present
disclosure relates to a circuit assembly for performing a
switching function, the circuit assembly includes a branch
including a main path in parallel with a first auxiliary path
and the main path 1n series with a second auxiliary path; a
first gate bias network connected to the main path; a second
gate bias network connected to the first auxiliary path; and
a third gate bias network connected to the second auxiliary
path, the second gate bias network and the third gate bias
network configured to improve linearity of the switching
function.

In some embodiments, the circuit assembly further
includes a body bias network coupled to the main path. In
some embodiments, the body bias network 1s further
coupled to the first auxiliary path and to the second auxiliary
path.
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In some embodiments, the main path comprises a plural-
ity of field-eflect transistors. In some embodiments, the first
auxiliary path comprises a plurality of field-eflect transistors
and the second auxiliary path comprises a plurality of
field-eflect transistors.

In some embodiments, the branch 1s coupled between a
series arm and a reference potential node 1 a shunt con-
figuration. In some embodiments, the second gate bias
network and the third gate bias network are configured to
reduce capacitive nonlinearity of the switching function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region,
the second gate bias network 1s configured to bias the first
auxiliary path 1n a weak iversion region, and the third gate
bias network 1s configured to bias the auxihiary path in a
weak 1nversion region. In some embodiments, the circuit
assembly further includes a bias feedback module config-
ured to adjust a bias of the second gate bias network based
at least 1 part on a power or a frequency of an input signal
to the branch. In some embodiments, the second gate bias
network 1s configured to bias the first auxiliary path to
generate third-order harmonics or third-order intermodula-
tion products that are opposite 1 phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) switching con-
figuration that includes an input node configured to receive
an input signal; an output node configured to provide an
output signal related to the mput signal, a main-auxiliary
branch coupled between the input node and the output node,
the main-auxiliary branch including a main path having a
main field-eflect transistor (FET), a first auxiliary path
having a first auxiliary FE'T, and a second auxiliary path
having a second auxiliary FET, the main path coupled in
parallel with the first auxiliary path and 1n series with the
second auxiliary path; a main gate bias network configured
to provide a main gate bias voltage to the main FET; a first
auxiliary gate bias network configured to provide a first
auxiliary bias voltage to the first auxiliary FET such that the
first auxiliary path generates distortions that are opposite 1n
phase to distortions generated by the main path to reduce
distortions through the main-auxiliary branch; and a second
auxiliary gate bias network configured to provide a second
auxiliary bias voltage to the second auxiliary FET such that
the second auxiliary path generates distortions that are
opposite 1n phase to distortions generated by the main path
to reduce distortions through the main-auxiliary branch.

In some embodiments, the main FET 1s configured to
operate 1n a strong nversion region responsive to the main
bias voltage. In some embodiments, the first auxiliary FET
1s configured to operate 1n a weak mversion region respon-
sive to the first auxiliary bias voltage and the second
auxiliary FET 1s configured to operate 1n a weak mnversion
region responsive to the second auxiliary bias voltage.

In some embodiments, the main gate bias voltage 1s
greater than the first auxiliary gate bias voltage and the
second auxiliary gate bias voltage. In some embodiments,
the main path further includes a second main FET. In some
embodiments, the main gate bias network 1s further config-
ured to provide the main gate bias voltage to the second
main FET.

In some embodiments, the first auxiliary path further
includes a third auxihiary FET. In some embodiments, the
first auxiliary gate bias network is further configured to
provide the first auxiliary gate bias voltage to the third
auxiliary FET. In some embodiments, the RF switching
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configuration further includes a third auxiliary gate bias
network configured to provide a third auxiliary gate bias
voltage to the third auxiliary FET. In some embodiments, the
third auxiliary gate bias voltage 1s different from the first
auxiliary gate bias voltage and the second auxiliary gate bias
voltage. In some embodiments, the main gate bias network
1s Turther configured to provide the main gate bias voltage to
the third auxiliary FET.

In some embodiments, the RF switching configuration
turther 1includes a body bias network configured to provide
a body bias voltage to the main FET, to the first auxiliary
FET, and to the second auxiliary FET. In some embodi-
ments, the main gate bias network 1s configured to provide
two static voltages to the main FET corresponding to on and
ofl states. In some embodiments, the first auxiliary gate bias
network 1s configured to provide a dynamic voltage to the
first auxiliary FET. In some embodiments, the first auxiliary
gate bias network 1s configured to generate the first auxiliary
gate bias voltage responsive to a power of the mput signal
at the mput node. In some embodiments, the second auxil-
lary gate bias network 1s configured to generate the second
auxiliary gate bias voltage responsive to a frequency of the
input signal at the mput node.

According to a number of implementations, the present
disclosure relates to a radio-frequency (RF) module that
includes a packaging substrate configured to receive a
plurality of devices; and a circuit assembly mounted on the
packaging substrate, the circuit assembly including a branch
including a main path in parallel with a first auxiliary path
and the main path in series with a second auxiliary path, a
first gate bias network connected to the main path, a second
gate bias network connected to the first auxiliary path, and
a third gate bias network connected to the second auxiliary
path, the second gate bias network and the third gate bias
network configured to improve linearity of the switching
function.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong 1nversion region,
the second gate bias network 1s configured to bias the first
auxiliary path 1n a weak inversion region, and the third gate
bias network 1s configured to bias the second auxiliary path
in a weak inversion region.

According to a number of implementations, the present
disclosure relates to a wireless device that includes a trans-
ceiver configured to process radio-frequency (RF) signals;
an RF module in communication with the transceiver, the RF
module including a circuit assembly including a branch
including a main path in parallel with a first auxiliary path
and the main path in series with a second auxiliary path, a
first gate bias network connected to the main path, a second
gate bias network connected to the first auxiliary path, and
a third gate bias network connected to the second auxiliary
path, the second gate bias network and the third gate bias
network configured to improve linearity of the switching
function; and an antenna in communication with the RF
module, the antenna configured to facilitate transmitting
and/or receiving of the RF signals.

In some embodiments, the first gate bias network 1s
configured to bias the main path 1n a strong inversion region,
the second gate bias network 1s configured to bias the first
auxiliary path 1n a weak inversion region, and the third gate
bias network 1s configured to bias the second auxiliary path
in a weak 1nversion region.

For purposes of summarizing the disclosure, certain
aspects, advantages and novel features have been described
herein. It 1s to be understood that not necessarily all such
advantages may be achieved in accordance with any par-
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ticular embodiment. Thus, the disclosed embodiments may
be carried out 1n a manner that achieves or optimizes one

advantage or group ol advantages as taught herein without
necessarily achieving other advantages as may be taught or
suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a FE'T device having an
active FET implemented on a substrate.

FIG. 2 illustrates an example of a FE'T device having an
active FE'T immplemented on a substrate, the FET device
including an upper layer implemented over the substrate.

FIG. 3 illustrates an example of a FET device having an
active FET mmplemented on a substrate, the FET device
including a lower layer and an upper layer.

FI1G. 4 1llustrates an example FET device implemented as
an ndividual SOI umt

FIG. 5 illustrates a plurality of individual SOI devices
implemented on a watfer.

FIG. 6A 1llustrates an example waler assembly having a
first wafer and a second watler positioned over the first water.

FIG. 6B illustrates an unassembled view of the first and
second waters of the example waler assembly of FIG. 6A.

FIG. 7A 1llustrates a terminal representation of an SOI
FET having nodes associated with a gate, a source, a drain,
a body, and a substrate.

FIG. 7B illustrates a terminal representation of an SOI
FET having nodes associated with a gate, a source, a drain,
and a body.

FIGS. 8A, 8B, 8C, and 8D illustrates side sectional and
plan views of an example SOI FET device having an
optional node for its substrate and variations of the gate
terminal.

FIG. 9A illustrates an SOI FET device including a biasing,
configuration wherein the gate and the body of the SOI FET
device are respectively biased by a gate bias network and a
body bias network.

FI1G. 9B illustrates an SOI FET device including a biasing,
configuration wherein the gate 1s biased by a gate bias
network and a body terminal 1s left unconnected or floating.

FIGS. 10A, 10B, 10C, and 10D 1llustrate switching appli-
cations that implement one or more main-auxiliary branches
having features as described herein.

FIG. 11A-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in parallel.

FIG. 11A-2 illustrates the main-auxiliary branch of FIG.
11A-1 1n a shunt configuration.

FIG. 11B-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in parallel, the
auxiliary path including a plurality of FETs.

FIG. 11B-2 illustrates the main-auxiliary branch of FIG.
11B-1 1n a shunt configuration.

FIG. 11C-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in parallel, the
main path including a plurality of FETs.

FIG. 11C-2 illustrates the main-auxiliary branch of FIG.
11C-1 1n a shunt configuration.

FIG. 11D-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in parallel, the
main path and the auxiliary path each including a plurality
of FETs.

FIG. 11D-2 illustrates the main-auxiliary branch of FIG.
11D-1 1n a shunt configuration.

FIG. 11E-1 illustrates a main-auxiliary branch having a
main path and a plurality of auxiliary paths, each of the paths
being connected in parallel.
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FIG. 11E-2 illustrates the main-auxiliary branch of FIG.
11E-1 1n a shunt configuration.

FIG. 11F-1 illustrates a main-auxiliary branch having a
plurality of main paths and an auxiliary path, each of the
paths being connected in parallel.

FIG. 11F-2 illustrates the main-auxiliary branch of FIG.
11F-1 1n a shunt configuration.

FIG. 11G-1 illustrates a main-auxiliary branch having a
plurality of main paths and a plurality of auxiliary paths,
cach of the paths being connected in parallel.

FIG. 11G-2 1llustrates the main-auxiliary branch of FIG.
11G-1 1 a shunt configuration.

FIG. 11H-1 1illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in series.

FIG. 11H-2 1illustrates the main-auxiliary branch of FIG.
11H-1 1n a shunt configuration.

FIG. 111-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in series, the
auxiliary path including a plurality of FETs.

FIG. 111-2 illustrates the main-auxiliary branch of FIG.
111-1 in a shunt configuration.

FIG. 11J-1 1llustrates a main-auxiliary branch having a
main path and an auxiliary path connected 1n series, the main
path including a plurality of FETs.

FIG. 11]J-2 illustrates the main-auxiliary branch of FIG.
11J-1 1n a shunt configuration.

FIG. 11K-1 illustrates a main-auxiliary branch having a
main path and an auxiliary path connected in series, the main
path and the auxiliary path each including a plurality of
FETs.

FIG. 11K-2 1llustrates the main-auxiliary branch of FIG.
11K-1 1n a shunt configuration.

FIG. 11L-1 1illustrates a main-auxiliary branch having a
main path and a plurality of parallel auxiliary paths, the main
path connected in series to the plurality of parallel auxiliary
paths.

FIG. 11L-2 1llustrates the main-auxiliary branch of FIG.
11L.-1 1n a shunt configuration.

FIG. 11M-1 1illustrates a main-auxiliary branch having a
plurality of parallel main paths connected in series with an
auxiliary path.

FIG. 11M-2 1llustrates the main-auxiliary branch of FIG.
11M-1 1n a shunt configuration.

FIG. 11N-1 1illustrates a main-auxiliary branch having a
plurality of parallel main paths connected in series with a
plurality of parallel auxiliary paths.

FIG. 11N-2 1llustrates the main-auxiliary branch of FIG.
11N-1 1n a shunt configuration.

FIG. 110-1 1illustrates a main-auxiliary branch having a
plurality of parallel main paths connected in series with a
first plurality of parallel auxiliary paths and a second plu-
rality of parallel auxiliary paths.

FIG. 110-2 1illustrates the main-auxiliary branch of FIG.
110-1 1 a shunt configuration.

FIG. 11P-1 1illustrates a main-auxiliary branch having a
plurality of parallel auxiliary paths connected in series with
a first plurality of parallel main paths and a second plurality
of parallel main paths.

FIG. 11P-2 illustrates the main-auxiliary branch of FIG.
11P-1 1n a shunt configuration.

FIG. 12A 1llustrates a main-auxiliary branch with biasing
networks configured to selectively provide a tailored gate
bias voltage to a gate of an auxiliary FET to improve
performance of the main-auxiliary branch.

FIG. 12B illustrates the main-auxiliary branch of FIG.
12A without a source bias network or a drain bias network.
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FIG. 12C 1illustrates the main-auxiliary branch of FIG.
12 A without a body bias network, a source bias network, or
a drain bias network.

FIG. 12D illustrates the main-auxiliary branch of FIG.
12A without a body bias network.

FIG. 12E illustrates the main-auxiliary branch of FIG.
12 A without a drain bias network.

FIG. 12F illustrates the main-auxiliary branch of FIG.
12 A without a source bias network.

FIGS. 13A, 13B, and 13C illustrate example embodi-
ments ol main-auxiliary devices having an auxiliary FET or
auxiliary path in parallel with a main FET or main path.

FIG. 14A 1llustrates an example main-auxiliary device
having an auxiliary FET or auxiliary path n series with a
main FET or main path.

FIG. 14B illustrates an example main-auxiliary device
having a first auxiliary FET and a second auxiliary FET in
series with a main FET on either side of the main FET.

FIG. 15A illustrates an example main-auxiliary device
including two auxihiary FETs or auxiliary paths in series
with a main FET or main path and a third auxiliary FET or
auxiliary path in parallel with the main FET.

FIG. 15B illustrates an example main-auxiliary device
that includes a main FET stack or path and an auxiliary FET
or path.

FIG. 15C illustrates an example main-auxiliary device
that includes a main FET or path and an auxiliary FET stack
or path.

FIG. 15D illustrates an example main-auxiliary device
where an auxiliary path 1s coupled to source and drain nodes
of bottom and top FETs of a main FET stack or path.

FIG. 15E illustrates an example main-auxiliary device
where a main path 1s coupled to source and drain nodes of
bottom and top FETs of an auxiliary FET stack or path.

FI1G. 16 1llustrates an example main-auxiliary device with
a configuration similar to the device of FIG. 15A-15E where
the bodies of the respective FETs 1n the device are indepen-
dently biased.

FIG. 17 illustrates an example main-auxiliary device
where bodies of respective FETs are biased using gate bias
networks.

FIG. 18 illustrates an example main-auxiliary device
where bodies of auxiliary and main FE'Ts coupled 1n series
are biased using gate bias networks and a body of an
auxiliary FET coupled 1n parallel with the main FET 1s
independently biased using a body bias network.

FIG. 19 1llustrates an example main-auxiliary device with
a series of main-auxiliary parallel FETs or pairings coupled
In series.

FIG. 20A illustrates an example main-auxiliary branch
including an auxiliary FET stack and a main FET stack with
FETs 1n individual stacks being capable of independent
control.

FIG. 20B illustrates a varnation of the main-auxiliary
branch of FIG. 20A wheremn the gate of a FET i the
auxiliary FET stack 1s biased using the gate bias network of
a FET 1n the main FET stack.

FIG. 20C 1illustrates a vanation of the main-auxiliary
branch of FIG. 20A wherein the gates of two or more of the
FETs 1n the auxiliary FET stack are biased using the gate
bias network of a FET in the main FET stack.

FIG. 20D illustrates a varniation of the main-auxiliary
branch of FIG. 20A wherein the gates of two or more of the
FETs 1n the auxiliary FET stack are biased using the gate
bias network of two or more FETs in the main FET stack.

FIG. 20E illustrates a variation of the main-auxiliary
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auxiliary FET stack are biased using the gate bias network
of two or more FETs 1n the main FET stack.

FIG. 21A 1llustrates an example main-auxiliary device
having a first auxiliary FET or path coupled 1n series with a
main FET stack or path that 1s in turn coupled in series with
a second auxiliary FET or path, the auxiliary paths and the
main path being controlled by a single gate bias network.

FIG. 21B illustrates an example main-auxiliary device
having an auxiliary FET or path coupled to a main FET stack
or path in parallel, the auxiliary path and the main path being
controlled by a single gate bias network.

FIGS. 22A and 22B 1llustrate a simulation demonstrating
improved linearity for a main-auxiliary device.

FIG. 23A 1llustrates an example main-auxiliary device
wherein a main path includes a plurality of FETs biased
using a main gate bias and an auxiliary path includes a
plurality of FE'Ts biased using an auxiliary gate bias inde-
pendent of the main gate bias.

FIG. 23B illustrates the main-auxiliary device of FIG.
23A having a feedback loop configured to adjust the bias
provided by the auxiliary gate bias.

FIG. 24 A illustrates an example main-auxiliary device
having a main FET stack or path and an auxiliary FET stack
or path, the auxiliary path including a first subset of FETs,
a second subset of FETs, and a third subset of FETs wherein
the first and third subsets of FETs are biased using a first
auxiliary gate bias and the second subset of FETs 1s biased
using a second auxiliary gate bias, the first and third subsets
of FETs controlling access to the auxiliary path.

FIG. 24B 1illustrates the main-auxiliary device of FIG.
24A with the removal of the third subset of FETs in the
auxiliary path.

FIG. 24C 1illustrates the main-auxiliary device of FIG.
24A with the removal of the first subset of FETs 1n the
auxiliary path.

FIG. 25 illustrates

FIG. 26A 1llustrates

FIG. 26B 1illustrates

FIG. 27 A 1llustrates

FIG. 27B illustrates

FIGS. 28A, 28B, 28C, and 28D 1illustrate non-limiting
examples of biasing circuits and switches with main-auxil-
1ary branches implemented on one or more semiconductor
die.

FIGS. 29A and 29B 1llustrate a plan view and a side view,
respectively, of non-limiting examples of packaged modules
that include biasing circuits and switches with main-auxil-
1ary branches.

FIG. 30 illustrates a schematic diagram of an example
switching configuration that can be implemented in the
packaged module of FIGS. 29A and 29B.

FIG. 31 illustrates an example wireless device having one
or more advantageous features described herein.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

The headings provided herein, 1f any, are for convenience
only and do not necessarily aflect the scope or meaning of
the claimed invention.

Introduction

In electronics applications, field-eflect transistors (FETs)
can be utilized as switches. Such switches can allow, for
example, routing of radio-frequency (RF) signals in wireless
devices. High performance switches can be important ele-
ments 1n a wide variety of RF systems, including cellular
smartphones, WLAN {front-end modules, and RF/micro-
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wave test mnstruments. Linearity of the switches 1n these
types of systems directly atlfects the overall system perior-
mance. Silicon-on-insulator (SOI) switches have become
popular due at least 1n part to ease of integration, low cost,
ctc. However, linearity of typical SOI switches 1s not as
competitive as some of 1ts counterparts. Therefore, 1t would
be advantageous to improve the linearity of SOI switches for
high performance switching systems including wide RF
applications.

Field-Effect-Transistors (FETs) are one of the most
important active devices 1n a typical switching circuit and 1ts
characteristics can greatly influence circuit performance.
The characteristics of the FET are largely determined by the
signals/biases applied at its terminals (e.g., source, drain,
gate, body or source, drain, gate, body, and substrate).
Intelligent control of the terminal biases can improve device
performance.

To further improve device performance, disclosed herein
are active FETs that implement a main-auxiliary branch
design. Such designs include at least two FE'Ts, an auxiliary
FET prowdmg an auxiliary path and a main FET prowdmg
a main path. Distortions that are generated 1n the main path,
such as third-order harmonics and/or mtermodulation dis-
tortions, can be reduced by distortions generated in the
auxiliary path. This can be accomplished by applying a
tailored gate bias to the auxiliary path so that the auxiliary
path generates signals with distortions of a similar magni-
tude but opposite 1 phase relative to the distortions of the
signals 1n the main path. Accordingly, the overall perfor-
mance 1n the active FET 1s improved by reducing these
distortions or nonlinearitiecs. By way of example, the auxil-
1ary path can be configured (e.g., through the physical design
of the FET(s) and/or through applied bias signals) so that
cancelling harmonics are generated in the auxiliary path. In
some embodiments, this reduces the overall nonlinearity of
the active FET.

In some embodiments, gate, body, source, drain, and/or
substrate bias voltages can be itelligently applied to
improve performance of an active FET that includes a
main-auxiliary branch. For example, the FET(s) of the main
path can be biased in a strong inversion region (e.g., the
voltage at the gate 1s much larger than the threshold voltage,
or Vgs>>Vth) while the FET(s) of the auxihiary path can be
biased i a subthreshold or weak mversion region. Where
the current and voltage characteristics of a FET can be
described as:

I=gV+g5 V2+g3 3

o3 1s generally positive (g3>0) 11 the FET 1s biased in a
subthreshold or weak inversion region while g3 (g3<0) 1s
negative 1f the FET 1s biased 1n a strong inversion region.
Accordingly, because the main path 1s generally biased in
the strong inversion region, the disclosed main-auxiliary
branches advantageously bias the auxiliary path 1 a sub-
threshold or weak 1version region to achieve at least partial
cancellation or reduction of distortions.

As a specific example, and without intending to be limited
to a particular embodiment, where the main path 1s biased
with a gate voltage that 1s substantially above the threshold
(e.g., about 3 V), the FE'T(s) of the main path are biased on
the strong 1nversion region and g3 1s negative. To improve
performance of the switch or other such circuit with the
main-auxiliary branch, the auxiliary path can be biased in a
subthreshold or weak inversion region so that g3 is positive
and 1ts third harmonic 1s about 180 degrees out of phase
from the signals generated by the main path. The magnitude
of the third-order harmonic 1s also a function of the gate bias,
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and the main-auxiliary branches disclosed herein can be
configured to tune or tailor the gate bias of the auxiliary path
to generate a third-order harmonic of a similar magnitude to
the main path. This can result in a signal where third-order
harmonics are substantially cancelled or reduced, thereby
improving the overall performance of the device (e.g., by
reducing third-order harmonic distortions and/or third-order
intermodulation distortions). In some embodiments, the gate
voltage on the auxiliary path 1s less than or equal to about 1.5
V, less than or equal to about 1.2 V, less than or equal to
about 0.6 V, or less than or equal to about 0.5 V.

In addition, where the auxiliary path includes multiple
FETs or multiple FET stacks, a plurality of gate biases can
be applied to individual or groups of FETs. This can be done
to further fine-tune distortion cancellation and/or to further
improve signal characteristics of the main-auxiliary branch.

As another example of improving the signal through a
main-auxiliary branch, the gate bias of the main FET can be
biased 1n a region such that low R, and/or C_1s achieved,
while the gate bias of the auxiliary FET can be tuned to
improve the linearity of the combination of the auxiliary
FET and the main FET. The disclosed main-auxiliary branch
configurations, and switches that employ such branch con-
figurations, can realize improved performance by reducing
nonlinearity, harmonics, intermodulation  distortions
(IMDs), cross-products, insertion losses, R, C 4 and/or

OF77

any combination of these or other similar characteristics.

The main-auxiliary branches disclosed herein provide a
variety of advantageous features. For example, a main path,
an auxiliary path, and/or a main hybrid path (e.g., a path that
combines main FETs and auxiliary FETs) can be indepen-
dently designed to improve performance of the main-auxil-
iary FET device. In some implementations, the characteris-
tics of the auxiliary FET can be tailored to provide third-
order intermodulation (IM3) with a similar magnitude and
opposite phase as IM3 of the main FET to improve linearity
of the main-auxiliary FET device. Besides tuning the gate
bias signal for the auxiliary path, the characteristics of the
auxiliary FE'T that can be tuned to improve performance. For
example, characteristics that can be tailored include, for
example and without limitation, oxide thickness (Tox),
device geometry, channel length, gate length, gate width,
buried oxide (BOX) layer thickness, silicon thickness, chan-
nel doping (including well doping and/or halo doping), gate
work function, etc. The characteristics of the auxiliary
FET(s) can be tailored so that an applied gate bias can result
in targeted signal properties that reduce distortions gener-
ated by the main FET(s).

Another advantageous feature 1s that the gate voltage of
the auxiliary FET that achieves a higher linearity 1s reduced
relative to an SOI FET that uses a substrate bias to achieve
improved performance. This may be due at least 1n part to
the lower gate oxide used 1n some main-auxiliary FET
configurations. This lower gate oxide makes 1t easier to
generate the targeted voltages using a charge pump.

Another advantageous feature 1s that the variation of the
IM 3 dependence on the gate voltage of the auxiliary FET
can be better controlled due at least 1n part to the lower gate
oxide used relative to FET designs that use a substrate bias
to achieve improved performance. For example, the thinner
the gate oxide, the lower the vanation generated by random
dopant fluctuations due to channel doping.

In some implementations, independent auxiliary FETs can
be used both 1n series with and 1n parallel with the main FET.
Advantageously, this allows different device parameters
(e.g.. R, and C_g linearity) to be independently tuned,
thereby improving linearity for both on and off branches.




US 10,630,282 B2

19

In some embodiments, main-auxiliary FET devices dis-
closed herein can be implemented using a control terminal
with up to 7 terminals (or up to 8 terminals for SOI FETs)
for fine-tuning of the FET characteristics to improve switch-
ing and/or RF performance. This 1s 1n contrast to typical FET
devices that have 4 terminals (or 5 terminals for SOI FETs).
This additional control can improve performance of devices
that implement the disclosed main-auxiliary configurations.
In this way, the characteristics or performance of the main
FET can be controlled by the signals applied to the terminals
of the auxiliary FET.

Accordingly, disclosed herein are FET devices wherein an
active signal applied to a first FET or FET stack (the
auxiliary FET or auxiliary path) intluences operation of a
second FET or FET stack (the main FET or main path) to
improve performance of the second FE'T or FET stack. This
improvement can be improved linearity, for example. The
disclosed main-auxiliary FET devices can be substituted into
any circuit that utilizes a bulk FET or SOI FET. The gate bias
applied to the first FET 1s tailored to achieve targeted signal
properties. The gate bias signals applied to the first FET can
be diflerent from the gate bias signals applied to the second
FET. In some embodiments, the gate signals applied to the
first FET can be dynamic and may depend, at least in part,
on input signal characteristics. In some embodiments, the
gate signals applied to the second FET are static while the
gate signals applied to the first FET are dynamic. The gate
signals applied to the first FET can be configured so that the
first FET 1s 1n a weak 1nversion region and the gate signals
applied to the second FET can be configured so that the
second FET 1s 1n a strong inversion region.

In some embodiments, the auxiliary FET can be imple-
mented as a transistor stack. Similarly, the main FET can be
implemented as a transistor stack. In certain embodiments,
one or both of the auxiliary FET and/or main FET can be
implemented as a transistor stack. Additional nonlinear
clements may also be combined with the disclosed main-
auxiliary FET designs for additional tuning of FET charac-
teristics. This can be done to achieve better RF performance,
for example. Accordingly, unless explicitly stated otherwise,
embodiments disclosed herein that reference a main FET
and/or an auxiliary FET should be understood to include
embodiments where the main FET 1s implemented as a
transistor stack and/or where the auxiliary FET 1s imple-
mented as a transistor stack.

Disclosed herein are various examples of field-effect
transistor (FET) devices having a main-auxiliary FET con-
figuration for an active FET portion, an auxiliary FET
configured to operate 1n a manner that improves the perfor-
mance ol a main FET relative to a configuration without an
auxiliary FE'T. This 1s done to provide a desired operating
condition for the active FET. In such various examples,
terms such as FE'T device, active FET portion, and FET are
sometimes used interchangeably, with each other, or some
combination thereof. Accordingly, such interchangeable
usage of terms should be understood 1n appropriate contexts.

FIG. 1 illustrates an example of a FET device 100 having,
an active FET 101 mmplemented on a substrate 103. As
described herein, the active FET 101 can include a main-
auxiliary FET configuration. The substrate 103 can include
one or more layers configured to facilitate, for example,
operating functionality of the active FET, processing func-
tionality for fabrication and support of the active FET, eftc.
For example, if the FET device 100 1s implemented as a
Silicon-On-Insulator (SOI) device, the substrate 103 can
include an insulator layer such as a buried oxide (BOX)
layer, an interface layer, and a handle water layer.
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FI1G. 1 further illustrates that in some embodiments, a
region 105 below the active FET 101 can be configured to
include one or more features to provide one or more desir-
able operating functionalities for the active FET 101. For the
purpose of description, 1t will be understood that relative
positions above and below are 1n the example context of the
active FET 101 being oriented above the substrate 103 as
shown. Accordingly, some or all of the region 105 can be
implemented within the substrate 103. Further, 1t will be
understood that the region 105 may or may not overlap with
the active FE'T 101 when viewed from above (e.g., 1n a plan
VIEW ).

FIG. 2 illustrates an example of a FE'T device 100 having
an active FET 101 implemented on a substrate 103. As
described herein, the active FET 101 can include a main-
auxiliary FET configuration. The substrate 103 can include
one or more layers configured to facilitate, for example,
operating functionality of the active FET 100, processing
functionality for fabrication and support of the active FET
100, etc. For example, if the FET device 100 1s implemented
as a Silicon-On-Insulator (SOI) device, the substrate 103 can
include an insulator layer such as a buried oxide (BOX)
layer, an interface layer, and a handle water layer.

In the example of FIG. 2, the FET device 100 1s shown to
further include an upper layer 107 implemented over the
substrate 103. In some embodiments, such an upper layer
can include, for example, a plurality of layers of metal
routing features and dielectric layers to facilitate, for
example, connectivity functionality for the active FET 100.

FIG. 2 further illustrates that in some embodiments, a
region 109 above the active FET 101 can be configured to
include one or more features to provide one or more desir-
able operating functionalities for the active FET 101.
Accordingly, some or all of the region 109 can be 1mple-
mented within the upper layer 107. Further, it will be
understood that the region 109 may or may not overlap with
the active FE'T 101 when viewed from above (e.g., 1n a plan
VIEW ).

FIG. 3 illustrates an example of a FET device 100 having
an active FET 101 implemented on a substrate 103, and also
having an upper layer 107. In some embodiments, the
substrate 103 can include a region 105 similar to the
example of FIG. 1, and the upper layer 107 can include a
region 109 similar to the example of FIG. 2.

Examples related to some or all of the configurations of
FIGS. 1-3 are described herein 1n greater detail.

In the examples of FIGS. 1-3, the FET devices 100 are
illustrated as being individual units (e.g., as semiconductor
die). FIGS. 4-6 illustrate that 1n some embodiments, a
plurality of FET devices having one or more features as
described herein can be fabricated partially or fully 1n a
waler format, and then be singulated to provide such indi-
vidual units.

For example, FIG. 4 illustrates an example FET device
100 implemented as an individual SOI umt. Such an indi-
vidual SOI device can include one or more active FETs 101
implemented over an insulator such as a BOX layer 104
which 1s 1tself implemented over a handle layer such as a
silicon (S1) substrate handle water 106. In the example of
FIG. 4, the BOX layer 104 and the S1 substrate handle water
106 can collectively form the substrate 103 of the examples
of FIGS. 1-3, with or without the corresponding region 105.

In the example of FIG. 4, the individual SOI device 100
1s shown to further include an upper layer 107. In some
embodiments, such an upper layer can be the upper layer
107 of FIGS. 2 and 3, with or without the corresponding
region 109.
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FIG. § illustrates that 1n some embodiments, a plurality of
individual SOI devices similar to the example SOI device
100 of FIG. 4 can be implemented on a water 200. As
shown, such a water can include a water substrate 103 that
includes a BOX layer 104 and a Si1 handle water layer 106
as described 1n reference to FIG. 4. As described herein, one
or more active FETs can be implemented over such a wafer
substrate.

In the example of FIG. 5, the SOI device 100 1s shown
without the upper layer (107 1n FIG. 4). It will be understood
that such a layer can be formed over the water substrate 103,
be part of a second water, or any combination thereof.

FIG. 6A 1llustrates an example waler assembly 204 hav-
ing a first water 200 and a second water 202 positioned over
the first water 200. FIG. 6B 1llustrates an unassembled view
of the first and second wafers 200, 202 of the example of
FIG. 6A.

In some embodiments, the first water 200 can be similar
to the water 200 of FIG. 5. Accordingly, the first water 200
can include a plurality of SOI devices 100 such as the
example of FIG. 4. In some embodiments, the second wafer
202 can be configured to provide, for example, a region
(e.g., 109 1n FIGS. 2 and 3) over a FET of each SOI device
100, and/or to provide temporary or permanent handling
waler functionality for process steps mvolving the first
waiter 200.

Examples of SOI Implementation of FET Devices

Silicon-On-Insulator (SOI) process technology 1s utilized
in many switching circuits, especially radio-frequency (RF)
switching circuits, including those mmvolving high perfor-
mance, low loss, high linearity switches. In such switching
circuits, performance advantages typically result from build-
ing a transistor in silicon, which sits on an 1nsulator such as
an msulating buried oxide (BOX). The BOX typically sits on
a handle wafer, typically silicon, but can be glass, borosili-
con glass, fused quartz, sapphire, silicon carbide, or any
other electrically-insulating material. As described herein,
the main-auxiliary transistor configurations can be imple-
mented as an SOI device. These configurations may also be
more broadly implemented as a main-auxiliary FET device
with individual transistors having gate, source, drain, and
body terminals. In some 1mplementations, the main-auxil-
1ary FET device can be implemented as a device with source
and drain terminals, an auxiliary gate terminal, a main gate
terminal, an auxiliary body terminal, and a main body
terminal. In some implementations, substrate terminals for
the auxiliary and main FETs can be included. In certain
implementations with multiple auxiliary FETs and/or main
FETs, one or more of the FETs can have dedicated terminals
for gate and/or body connections.

Typically, an SOI transistor 1s viewed as a 4-terminal
field-efiect transistor (FE'T) device with gate, drain, source,
and body terminals. However, an SOI FET can be repre-
sented as a S-terminal device, with an addition of a substrate
node. Such a substrate node can be biased and/or be coupled
one or more other nodes of the transistor to, for example,
improve both linearity and loss performance of the transis-
tor. Although various examples are described 1n the context
of RF switches, 1t will be understood that one or more
teatures of the present disclosure can also be implemented 1n
other applications mvolving FETs.

FIG. 7A 1llustrates a terminal representation of an SOI
FET 100a having nodes associated with a gate, a source, a
drain, a body, and a substrate. F1G. 7B illustrates a terminal
representation of an SOI FET 1006 having nodes associated
with a gate, a source, a drain, and a body. It will be
understood that 1n some embodiments, the source and the
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drain can be reversed for SOI FETS 100q, 1005. Such FETs
100a, 1005 can be used to build the mamn-auxihiary FET
configurations disclosed herein.

FIGS. 8A and 8B 1llustrate side sectional and plan views
of an example SOI FET device 100 having an optional node
for 1ts substrate 108. The substrate 108 can be, for example,
a silicon substrate associated with a handle wafer 106.
Although described 1n the context of the handle water 106,
it will be understood that the substrate 108 does not neces-
sarily need to have functionality associated with a handle
wafer.

An 1nsulator layer such as a BOX layer 104 1s shown to
be formed over the handle water 106, and a FET structure 1s
shown to be formed based on an active silicon device 102
over the BOX layer 104. The FET structure can be config-
ured as an NPN or PNP device.

In the example of FIGS. 8 A and 8B, terminals for the gate,
source, drain and body are shown to be configured and
provided so as to allow operation of the FET. As described
in greater detail herein, these terminals can be coupled to
another FET structure to form a main-auxiliary FET con-
figuration. A substrate terminal 1s shown to be electrically
connected to the substrate (e.g., handle water) 106 through
an electrically conductive feature 108 extending through the
BOX layer 104. Such an electrically conductive feature can
include, for example, one or more conductive vias, one or
more conductive trenches, or any combination thereof.
FIGS. 8C and 8D illustrate different configurations for the
gate terminal. FIG. 8C 1illustrates the gate as a “T-gate”
terminal and FIG. 8D illustrates the gate as an “H-gate”
terminal. Other configurations and shapes of the gate termi-
nal can also be implemented and are to be considered within
the scope of this disclosure.

In some embodiments, a substrate connection can be
connected to ground, for example, to avoid an electrically
floating condition associated with the substrate. Such a
substrate connection for grounding typically includes a
seal-ring implemented at an outermost perimeter of a given
die. Further description of example implementations and
associated advantages of the substrate connection are pro-
vided 1n U.S. patent application Ser. No. 15/085,980,
entitled “SUBSTRATE BIAS FOR FIELD-EFFECT
TRANSISTOR DEVICES,” filed Mar. 30, 2016 (included
herewith as an Appendix), which 1s incorporated herein by
reference 1n 1ts entirety for all purposes to form part of this
application.

FIG. 9A illustrates an SOI FET device 100 having fea-

tures as described herein including a biasing configuration
150 wherein the gate and the body of the SOI FET device

100 are respectively biased by a gate bias network 156 and
a body bias network 154. FIG. 9B illustrates an SOI FET
device 100 having features as described herein including a
biasing configuration 150 wherein the gate i1s biased by a
gate bias network 156 and a body terminal 1s left uncon-
nected or floating. Further details and examples related to
gate and body bias networks can be found in PCT Publica-

tion No. WO 2014/011510 entitled “CIRCUITS, DEVICES,
METHODS AND COMBINATIONS RELATED TO SILI-
CON-ON-INSULATOR BASED RADIO-FREQUENCY
SWITCHES,” which 1s incorporated by reference herein 1n
its entirety for all purposes. In some embodiments, the SOI
FET device 100 of FIGS. 9A and 9B and other devices
having one or more features as described herein can have its
substrate node biased by a substrate bias network 152.
FIG. 10A 1illustrates that, in some embodiments, main-
auxiliary branches (e.g., a main-auxiliary FET configura-
tion) or M-A branch having one or more features as
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described herein can be implemented 1n switching applica-
tions (e.g., RF switching applications). FIG. 10A illustrates
an example of an RF switching configuration 160 having an
RF core 162 and an energy management (EM) core 164.
Additional details concerning such RF and EM cores can be
found 1n the above-referenced PCT Publication No. WO
2014/011510. The example RF core 162 of FIG. 10A 1s
shown as a single-pole-double-throw (SPDT) configuration
in which series arms of transistors 100a, 10056 are arranged
between a pole and first and second throws, respectively.
Throw 1 1s coupled to a main-auxiliary branch 100aq and
throw 2 1s coupled to a FET device 1005. The main-auxiliary
branch 100a 1ncludes one or more active devices 1n a main
path or a main hybrid path and one or more active devices
in an auxiliary path, as described in greater detail herein.
Nodes associated with the first and second throws are shown
to be coupled to a reference potential node (e.g., ground)
through their respective shunt arms of FETs 100¢, 1004. It
will be understood that other switching configurations can
also be implemented with a main-auxiliary branch configu-
ration having one or more of the features described herein.
For example, a single pole single throw (SPST) switch can
be implemented, a single pole multiple throw (SPNT) switch
can be implemented, a multiple pole single throw (MPST)

switch can be implemented, a multiple pole multiple throw
(MPNT) can be implemented, and the like.

FIGS. 10A-10D 1illustrate that one, some, or all of the
active devices 100a-1004 can be implemented as a stack of
FET devices in a main-auxiliary branch configuration,
examples of which are described herein. The main-auxiliary
branches (M-A branches) can be implemented to improve
signal characteristics 1n switching applications. For example
and without limitation, the main-auxiliary branches 100aq,
1006, 100c, and/or 1004 can be configured to 1mprove
linearity, reduce harmonics, reduce intermodulation distor-
tions, reduce cross products, reduce 1nsertion losses, achieve
low R,,,, achieve low C,_ . and/or reduce gate bias voltages.
Each of the mam—auxﬂlary branches 100c and 1004 are
implemented 1n a shunt configuration.

For the purpose of description, each FET 1in a main-
auxiliary branch can be referred to as a FET, the stack of
FETs can be collectively referred to as a FET, or some
combination thereof can also be referred to as a FET.
Furthermore, each FET 1n the stack can be biased with a
separate gate, body, and/or substrate bias network; a plural-
ity of the FE'Ts 1n the stack can be biased with a common
gate, body, and/or substrate bias network; or any combina-
tion thereof.

Other switching configurations involving a single pole
(SP) can be mmplemented utilizing one or more of the
main-auxiliary configurations with one or more features as
described herein. Thus, it will be understood that a switch
having a SPNT can be implemented utilizing one or more of
the main- auxﬂlary configurations as described herein, where
the quantity N 1s a positive integer. Furthermore, 1t will be
understood that a switch having multiple poles and multiple
throws (MPNT) can be implemented utilizing one or more
of the main-auxiliary configurations as described herein,
where the quantitiecs M and N are independent positive
integers. For example, 1n many applications switching con-
figurations having a plurality of poles and a plurality of
throws can provide increased tlexibility 1n how RF signals
can be routed therethrough.

It 1s noted that in wvarious switching configuration
examples described herein, switchable shunt paths are not
shown for simplified views of the switching configurations.
Accordingly, it will be understood that some or all of

10

15

20

25

30

35

40

45

50

55

60

65

24

switchable paths in such switching configurations may or
may not have associated with them switchable shunt paths
(e.g., similar to the example of FIGS. 10A-10D).

Example Main-Auxiliary Branch Configurations

FIGS. 11 A-1 through 11P-2 illustrate a variety of example
main-auxiliary branch configurations. The main-auxiliary
branch configurations can be configured to act as a switch.
Similarly, the main-auxiliary branch configurations can be
configured as a shunt. In certain implementations, such as
when the configuration acts as a switch or 1s part of a series
arm 1n a switch circuit, the main-auxiliary branch configu-
rations can include a main path and an auxihiary path
between an input node and an output node. In various
implementations, such as i a shunt configuration, the main-
auxiliary branch configurations can be configured to provide
a switchable path to a reference potential node (e.g.,
ground). This can be done to provide a shunt path in switch,
such as the configurations illustrated in FIGS. 10C and 10D.
Accordingly, a shunt configuration, as described herein,
includes a switchable path to a reference potential node that
couples to a signal line, the signal line providing a path
between an mput node and an output node. The shunt
configuration has a first node coupled to the signal line
between the input node and the output node and a second
node coupled to a reference potential node. The shunt
configuration can be configured so that the main-auxihary
branch reduces capacitive nonlinearity of the switching
function. In some embodiments, the main path and the
auxiliary path can be segmented with nodes between the
segments being connected to one another, thereby forming a
main hybrid path, or a path that includes main and auxiliary
active devices (e.g., FETs).

FIG. 11A-1 illustrates a main-auxiliary branch 1100aq
having a main path 1140 and an auxiliary path 1145 con-
nected 1 parallel. The main path 1140 includes a FET 1142
and the auxiliary path 1145 includes a FET 1147. FIG. 11 A-2
illustrates the main-auxiliary branch 1100q of FIG. 11A-1 1n
a shunt configuration.

FIG. 11B-1 illustrates a main-auxiliary branch 11005
having a main path 1140 and an auxiliary path 1145 con-
nected 1n parallel. The main path 1140 includes a FET 1142
and the auxihary path 1145 includes a plurality of FETs
1147. FIG. 11B-2 illustrates the main-auxiliary branch
110056 of FIG. 11B-1 1n a shunt configuration.

FIG. 11C-1 1illustrates a main-auxiliary branch 1100c¢
having a main path 1140 and an auxiliary path 1145 con-
nected 1n parallel. The main path 1140 includes a plurality of
FETs 1142 and the auxiliary path 1145 includes a FET 1147.
FIG. 11C-2 1illustrates the main-auxiliary branch 1100¢ of
FIG. 11C-1 1n a shunt configuration.

FIG. 11D-1 illustrates a main-auxiliary branch 1100d
having a main path 1140 and an auxiliary path 1145 con-
nected 1n parallel. The main path 1140 includes a plurality of
FETs 1142 and the auxiliary path 1145 includes a plurality
of FETs 1147. The number of FETs in the main path 1140
can differ from the number of FETs in the auxiliary path
1145. FIG. 11D-2 1illustrates the main-auxiliary branch
11004 of FIG. 11D-1 1n a shunt configuration.

FIG. 11E-1 illustrates a main-auxiliary branch 1100e
having a main path 1140 and a plurality of auxiliary paths
1145a, 11455, each of the paths being connected 1n parallel.
The main path 1140 includes a plurality of FETs 1142 and
the auxiliary paths 1145q, 114556 include a plurality of FETs
1147a, 11475. However, 1t 1s to be understood that the main
path 1140 and/or individual auxiliary paths 1143a, 114355
can 1nclude a single FET or a plurality of FETs. In addition,
the number of FE'Ts 1n individual paths can be the same or
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different from one another. FIG. 11E-2 illustrates the main-
auxiliary branch 1100e of FIG. 11E-1 1n a shunt configura-
tion.

FIG. 11F-1 illustrates a main-auxiliary branch 1100/ hav-
ing a plurality of main paths 1140q, 11406 and an auxiliary
path 1145, each of the paths being connected 1n parallel. The
main paths 1140a, 11405 1nclude a plurality of FETs 1142a,
11425 and the auxiliary path 1145 includes a plurality of
FETs 114°7. However, it 1s to be understood that individual
main paths 1140 and/or the auxiliary path 1143 can include
a single FET or a plurality of FETs. In addition, the number
of FETs 1n individual paths can be the same or different from
one another. FIG. 11F-2 illustrates the main-auxiliary branch
1100/ of FIG. 11F-1 1n a shunt configuration.

FIG. 11G-1 illustrates a main-auxiliary branch 1100g
having a plurality of main paths 1140qa, 114056 and a plurality
of auxiliary paths 1145a, 11455, each of the paths being
connected 1n parallel. The main paths 1140a, 11405 1nclude
a plurality of FETs 1142a, 11426 and the auxiliary paths
1145a, 11456 include a plurality of FETs 1147a, 1147b.
However, 1t 1s to be understood that individual main paths
1140 and/or individual auxiliary paths 1145q, 11436 can
include a single FET or a plurality of FETs. In addition, the
number of FETs 1n individual paths can be the same or
different from one another. FIG. 11G-2 1llustrates the main-
auxiliary branch 1100g of FIG. 11G-1 in a shunt configu-
ration.

FIG. 11H-1 illustrates a main-auxiliary branch 1100/
having a main path 1140 and an auxiliary path 11435 con-
nected 1n series. The main path 1140 includes a FET 1142
and the auxiliary path 1145 includes a FET 1147. It 1s to be
understood that the order of the main path 1140 and the
auxiliary path 11435 can be reversed so that the main path
1140 1s positioned between the mput node and the auxiliary
path 1145 and the auxiliary path 1145 1s positioned between
the output node and the main path 1140. FIG. 11H-2
illustrates the main-auxiliary branch 1100/ of FIG. 11H-1 1n
a shunt configuration.

FIG. 111-1 illustrates a main-auxiliary branch 1100; hav-
ing a main path 1140 and an auxiliary path 1145 connected
in series. The main path 1140 includes a FET 1142 and the
auxiliary path 1145 includes a plurality of FETs 1147. It 1s
to be understood that the order of the main path 1140 and the
auxiliary path 1145 can be reversed so that the main path
1140 1s positioned between the mput node and the auxiliary
path 1145 and the auxiliary path 1145 1s positioned between
the output node and the main path 1140. FIG. 111-2 illus-
trates the main-auxiliary branch 1100; of FIG. 111-1 1 a
shunt configuration.

FI1G. 11J-1 illustrates a main-auxiliary branch 11007 hav-
ing a main path 1140 and an auxiliary path 1145 connected
in series. The main path 1140 includes a plurality of FETs
1142 and the auxiliary path 1145 includes a FET 1147. It 1s
to be understood that the order of the main path 1140 and the
auxiliary path 1145 can be reversed so that the main path
1140 1s positioned between the mput node and the auxiliary
path 1145 and the auxiliary path 1145 is positioned between
the output node and the main path 1140. FIG. 11J-2 1illus-
trates the main-auxiliary branch 1100j of FIG. 11J-1 1n a
shunt configuration.

FIG. 11K-1 illustrates a main-auxiliary branch 1100%
having a main path 1140 and an auxiliary path 1145 con-
nected 1n series. The main path 1140 includes a plurality of
FETs 1142 and the auxiliary path 1145 includes a plurality
of FETs 1147. The number of FETs in the main path 1140
can differ from the number of FETs 1n the auxiliary path
1145. It 1s to be understood that the order of the main path
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1140 and the auxiliary path 1145 can be reversed so that the
main path 1140 1s positioned between the input node and the
auxiliary path 1145 and the auxﬂlary path 1145 is positioned
between the output node and the main path 1140. FIG. 11K-2
illustrates the main-auxiliary branch 1100% of FIG. 11K-1 1n
a shunt configuration.

FIG. 11L-1 illustrates a main-auxiliary branch 1100/
having a main path 1140 and a plurality of parallel auxiliary
paths 1145a, 11455, the main path 1140 connected in series
to the plurality of parallel auxiliary paths 1143a, 11455. The
main path 1140 includes a plurality of FETs 1142 and the
plurality of auxiliary paths 1145q, 11455 each includes a
plurality of FETs 1147q, 11475b. However, 1t 1s to be under-
stood that the main path 1140 and/or individual auxiliary
paths 1145a, 11455 can include a single FET or a plurality
of FETs. In addition, the number of FETs 1n individual paths
can be the same or different from one another. It 1s to be
understood that the order of the main path 1140 and the
plurality of parallel auxiliary paths 1143a, 11455 can be
reversed so that the main path 1140 1s positioned between
the mput node and the plurality of parallel auxiliary paths
1145a, 11455 and the plurality of parallel auxiliary paths
1145a, 11455 1s positioned between the output node and the
main path 1140. FIG. 11L-2 illustrates the main-auxiliary
branch 1100/ of FIG. 11L-1 in a shunt configuration.

FIG. 11M-1 illustrates a main-auxiliary branch 1100w
having a plurality of parallel main paths 1140aq, 114056
connected 1n series with an auxiliary path 1145. The plural-
ity of main paths 1140a, 11405 each include a plurality of
FETs 1142a, 11425 and the auxﬂlary path 1145 includes a
plurality of FETs 1147. However, it 1s to be understood that
individual main paths 1140a, 11405 and/or the auxiliary path
1145 can include a single FET or a plurality of FETs. In

addition, the number of FETs in individual paths can be the
same or diflerent from one another. It 1s to be understood that
the order of the plurality of parallel main paths 1140a, 114056
and the auxiliary path 1145 can be reversed so that the
plurality of parallel main paths 1140a, 11045 1s positioned
between the mput node and the auxiliary path 1145 and the
auxiliary path 1145 1s positioned between the output node
and the plurality of parallel main paths 1140q, 11405. FIG.
11M-2 1illustrates the main-auxihiary branch 1100 of FIG.
11M-1 1n a shunt configuration.

FIG. 11N-1 1illustrates a main-auxiliary branch 1100z
having a plurality of parallel main paths 1140q, 114056

connected 1n series with a plurality of parallel auxiliary
paths 1145q, 1145b. The plurality of main paths 1140aq,

11405 each include a plurality of FETs 1142a, 11425 and the
plurality of auxiliary paths 1145a, 114556 each include a
plurality of FETs 1147a, 1147b. However, 1t 1s to be under-
stood that individual main paths 1140a, 11406 and/or 1ndi-
vidual auxiliary paths 1145q, 11456 can include a single
FET or a plurality of FETs. In addition, the number of FETSs
in 1ndividual paths can be the same or different from one
another. It 1s to be understood that the order of the plurality
of parallel main paths 1140a, 11406 and the plurality of
parallel auxiliary paths 1145a, 11455 can be reversed so that
the plurality of parallel main paths 1140a, 11045 1s posi-
tioned between the input node and the plurality of parallel
auxiliary paths 1145a, 114556 and the plurality of parallel
auxiliary paths 1143q, 11456 1s positioned between the

output node and the plurality of parallel main paths 1140aq,
11405. FIG. 11N-2 illustrates the main-auxiliary branch

11007 of FIG. 11N-1 1n a shunt configuration.

FIG. 110-1 illustrates a main-auxiliary branch 11000
having a plurality of parallel main paths 1140q, 114056
connected 1n series with a first plurality of parallel auxiliary
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paths 1145q and a second plurality of parallel auxiliary paths
11455H, the plurality of parallel main paths 1140q, 11405

positioned between the first plurality of parallel auxiliary

paths 1145a and the second plurality of parallel auxiliary
paths 1145b. The plurality of main paths 1140a, 114056 each

include a plurality of FETs 11424, 11425 and the plurality of
auxiliary paths 1145a, 11456 each include a plurality of

FETs 1147a, 1147b. However, 1t 1s to be understood that
individual main paths 1140a, 11405 and/or individual aux-
iliary paths 1145a, 11456 can include a single FET or a
plurality of FETs. In addition, the number of FETs in
individual paths can be the same or different from one

another. FIG. 110-2 illustrates the main-auxiliary branch
11000 of FIG. 110-1 1n a shunt configuration.

FIG. 11P-1 1illustrates a main-auxiliary branch 1100p
having a plurality of parallel auxiliary paths 114354q, 114556
connected 1n series with a first plurality of parallel main

paths 1140a and a second plurality of parallel main paths
11405, the plurality of parallel auxiliary paths 11454, 11455

positioned between the first plurality of parallel main paths
1140qa and the second plurality of parallel main paths 11405.
The plurality of main paths 1140a, 11406 each include a
plurality of FE'Ts 1142a, 11425 and the plurality of auxiliary
paths 1145a, 114556 each include a plurality of FETs 1147a,
11475. However, 1t 1s to be understood that individual main
paths 1140a, 11405 and/or individual auxiliary paths 1145a,
11455 can 1nclude a single FET or a plurality of FETs. In
addition, the number of FETs 1n individual paths can be the
same or different from one another. FIG. 11P-2 illustrates the
main-auxiliary branch 1100p of FIG. 11P-1 1 a shunt
configuration.

FIG. 12A 1llustrates a main-auxiliary branch 1200 with
biasing networks 1250 configured to selectively provide a
tailored gate bias to a gate of an auxiliary FET to improve
performance of the main-auxiliary branch 1200. The main-
auxiliary branch 1200 includes an auxiliary path having one
or more FE'Ts that 1s configured to influence operation of a
main path having one or more FETs, the auxiliary path being,
coupled to the main path in parallel and/or 1n series. The
main-auxiliary branch 1200 1s configured to receive a signal
at an mput terminal (e.g., a source or drain terminal) and to
output a signal at an output terminal (e.g., a drain or source
terminal ).

A gate bias network 1256 1s coupled to the main-auxiliary
branch 1200 to selectively apply gate bias signals to the
auxiliary FE'T(s) and the main FE'T(s) of the main-auxiliary
branch 1200. The gate bias network 1256 can be similar to
gate bias networks described herein. The gate bias network
1256 can include one or more gate bias networks. In some
embodiments, individual auxiliary FETs 1n the main-auxil-
1ary branch 1200 can be coupled to a dedicated gate bias
network. In certain embodiments, a plurality of auxiliary
FETs in the main-auxiliary branch 1200 can be coupled to a
single gate bias network. In various embodiments, a plural-
ity of auxiliary gate bias networks can be included in the
gate bias network 1256 where 1individual auxiliary gate bias
networks are coupled to one or more auxihiary FETs 1n the
main-auxiliary branch 1200. Similarly, in some embodi-
ments, individual main FETs 1n the main-auxiliary branch
1200 can be coupled to a dedicated gate bias network. In
certain embodiments, a plurality of main FETs 1n the main-
auxiliary branch 1200 can be coupled to a single gate bias
network. In various embodiments, a plurality of main gate
bias networks can be included in the gate bias network 12356
where 1ndividual main gate bias networks are coupled to one
or more main FETs 1n the main-auxiliary branch 1200.
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A body bias network 1254 1s coupled to the main-
auxiliary branch 1200 to selectively apply body bias signals
to the auxiliary FET(s) and/or main FET(s) of the main-
auxiliary branch 1200. The body bias network 1254 can be
similar to the body bias networks described herein. The body
bias network 1234 can include one or more body bias

networks. In some 1mplementations, such as the example
embodiment of FIG. 12D, the body bias network 1254 1s not
included and the bodies of the respective auxiliary FET(s)
and main FET(s) are biased using the gate bias network 1256
or the bodies of the respective auxiliary FET(s) and main
FET(s) are left unconnected or floating.

In some embodiments, individual auxiliary FETs 1n the
main-auxiliary branch 1200 can be coupled to a dedicated
body bias network. In certain embodiments, a plurality of
auxiliary FETs in the main-auxiliary branch 1200 can be
coupled to a single body bias network. In various embodi-
ments, a plurality of auxiliary body bias networks can be
included 1n the body bias network 1254 where individual
auxiliary body bias networks are coupled to one or more
auxiliary FETs in the main-auxiliary branch 1200. Similarly,
in some embodiments, individual main FETs in the main-
auxiliary branch 1200 can be coupled to a dedicated body
bias network. In certain embodiments, a plurality of main
FETs in the main-auxiliary branch 1200 can be coupled to a
single body bias network. In various embodiments, a plu-
rality of main body bias networks can be included in the
body bias network 1254 where individual main body bias
networks are coupled to one or more main FETs in the
main-auxiliary branch 1200.

A source bias network 1251 can be coupled to the
main-auxiliary branch 1200 to selectively apply source bias
signals to the main-auxiliary branch 1200. The source bias
network 1251 can be coupled between the input node and the
main-auxiliary branch 1200. Similarly, a drain bias network
1257 can be coupled to the main-auxiliary branch 1200 to
selectively apply drain bias signals to the main-auxiliary
branch 1200. The drain bias network 1257 can be coupled
between the output node and the main-auxiliary branch
1200.

A substrate bias network 1252 can be coupled to the
main-auxiliary branch 1200 to selectively apply substrate
bias signals to the auxiliary FET(s) and/or main FET(s) of
the main-auxiliary branch 1200. The substrate bias network
1252 can be similar to the substrate bias networks described
herein. The substrate bias network 1252 can include one or
more substrate bias networks. In some implementations, the
substrate bias network 1252 1s not included. In such 1mple-
mentations, the substrates of the respective auxiliary FET(s)
and main FET(s) can be leit floating or coupled to another
bias network such as the body bias network 1254 or the gate
bias network 1256. In some embodiments, the FETs 1n the
main-auxiliary branch 1200 do not include SOI FETs and/or
do not include substrate terminals so the substrate bias
network 1252 can be omuitted.

FIG. 12B 1illustrates the main-auxihiary branch 1200 with-
out a source bias network or a drain bias network. FIG. 12C
illustrates the main-auxiliary branch 1200 without a body
bias network, a source bias network, or a drain bias network.
In such embodiments, the body terminals of the FETs can be
left floating and/or can be coupled to the gate bias network
1256. FIG. 12D 1illustrates the main-auxiliary branch 1200
without a body bias network. In such embodiments, the body
terminals of the FETs can be left floating and/or can be
coupled to the gate bias network 1256. FIG. 12F illustrates
the main-auxiliary branch 1200 without a drain bias net-
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work. FIG. 12F illustrates the main-auxiliary branch 1200
without a source bias network.

The main-auxiliary branches 1200 described herein with
reference to FIGS. 12A-12F can be configured to provide
improved device performance relative to switches that use
FETs without an auxiliary FE'T or path. Gate, body, source,
drain, and/or substrate bias voltages can be intelligently
applied to the main-auxiliary branch 1200 to improve per-
formance of the active FET 1n switchuing applications. For
example, the gate bias of the main FET can be biased in a
region such that low R_,, and/or C_.1s achieved, while the
gate bias of the auxiliary FET can be tuned to 1mprove the
linearity of the combination of the auxiliary and main FETs.
In certain implementations, the gate bias of the auxihary
FET can be tailored such that harmonics generated by the
auxiliary FET are 1n opposite phase as the harmonics gen-
crated by the main FET, thereby improving linearity of the
active FE'T circuait.

The main-auxiliary branch 1200 can be implemented in
switching circuits (e.g., 1 a series arm and/or 1n a shunt
configuration). Other applications may also use the dis-
closed main-auxiliary configurations where linearity of sig-
nal through a transistor 1s important.

FIGS. 13A through 24C illustrate various example
embodiments of main-auxiliary devices or branches.
Although these example embodiments are illustrated and
described as being between an input node and an output
node, 1t should be understood that the example embodiments
can be implemented 1n a shunt configuration, providing a
switchable path to a reference potential node, as described
herein.

FIG. 13 A illustrates an example embodiment of a main-
auxiliary device 1300 having an auxihiary FET or auxiliary
path 1345 1n parallel with a main FET or main path 1340.
The auxiliary FET and the main FET share the same source
and drain connections. An mput signal 1s received at a signal
input port and, 11 the device 1300 1s activated, the device
1300 outputs a signal at an output signal port.

A gate bias network 1 1356a can be coupled to the main
FET and a gate bias network 2 13565 can be coupled to the
auxiliary FET. The gate bias networks 1356a, 13565 can be
operated independently to improve performance of the
device. The independent gate bias networks 1356a, 13565
allow for independent control of the auxiliary FET and the
main FET to improve performance of the device by, for
example, reducing nonlinearity. This also allows tuning of
the characteristics of the auxiliary FET to improve perfor-
mance ol the device. For example, the gate bias voltage
applied to the auxiliary FET can be tailored to reduce
nonlinearities 1n the signal through the device. In some
embodiments, the characteristics of the auxiliary FET can be
tailored to reduce R, and/or C_. of the device. In some
embodiments, the characteristics of the auxiliary FET can be
taillored to reduce harmonics, intermodulation distortion,
insertion losses, and/or cross products.

In some embodiments, the gate bias network 1 13564
provides a first gate bias voltage to the main path 1340 and
the gate bias network 2 13565 provides a second gate bias
voltage to the auxihiary path, the first gate bias voltage
different from the second gate bias voltage. In certain
implementations, the first gate bias voltage can be config-
ured so that the main path 1340 operates i a strong
inversion region and the second gate bias voltage can be
configured so that the auxiliary path 1345 operates 1 a
subthreshold or weak inversion region. The first gate bias
voltage can be static or dynamic. The second gate bias
voltage can be static or dynamic. In some embodiments, the
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second gate bias voltage depends at least 1n part on charac-
teristics of the mput signal. The characteristics of the input
signal can include, for example, input power, frequency, and
the like.

A body bias network 1354 1s coupled to a body terminal
of both the main FET and the auxiliary FET. In some
embodiments, the body terminals can be coupled to separate
body bias networks. The body bias network 1354 1s coupled
to the respective body nodes of the auxiliary FE'T and main
FET of the device 1300.

The device 1300 can include a source bias network 1351
coupled at the input node. The source bias network 1351 can
be configured to improve performance of the main-auxiliary
device 1300. The device 1300 can include a drain bias
network 1357 coupled at the output node. The drain bias
network 1357 can be configured to improve performance of
the main-auxiliary device 1300. The source bias network
1351 and/or the drain bias network 1357 can be omitted, 1n
some embodiments. Furthermore, for each example embodi-
ment 1llustrated in FIGS. 13A through 24C, the 1illustrated
source bias networks (referenced with callouts NN51 where
NN corresponds to the figure number) and/or drain bias
networks (referenced with callouts NN57 where NN corre-
sponds to the figure number) may be included or omitted.

FIG. 13B illustrates the main-auxiliary device 1300
wherein the body bias network 1354 1s configured to allow
application of a DC control voltage (V_control) to the
respective body nodes. FIG. 13C 1illustrates the main-auxil-
1ary device 1300 wherein the control voltage 1s applied
through an electrical component 1353 (e.g., a resistor, a
diode, a combination of a resistor and diode, or the like).
Other configurations are possible for the body bias network
1354 including, for example and without limitation, phase-
matching circuits, capacitances, diodes, and the like.

It 1s to be understood that although the main path 1340
and the auxﬂlary path 1345 are each illustrated using a single
FET, the main path 1340 can include a plurality of FETSs or
active devices, the auxiliary path 1345 can include a plu-
rality of FETs or active devices, or each of the main path
1340 and the auxiliary path 1345 can include a plurality of
FETs or active devices. In addition, the main path 1340
and/or the auxiliary path 1345 can include gated diodes,
capacitors, and/or FETs as active devices. Furthermore, for
cach example embodiment illustrated 1n FIGS. 13 A through
24C, unless explicitly stated otherwise, where an individual
FET 1s 1llustrated, it 1s to be understood that a plurality of
active devices or a stack of active devices can be 1mple-
mented.

FIG. 14A 1llustrates an example main-auxiliary device
1400 having an auxiliary FET or auxiliary path 14435 1n
series with a main FE'T or main path 1440. In this configu-
ration, the auxiliary FET 1443 can still be used to affect and
improve performance of the main FET 1440, resulting 1n
improved performance of the device 1400 relative to a
device without a main-auxiliary configuration. The main

FET 1440 has a source node coupled to an input signal node,
a drain node coupled to a source node of the auxiliary FET
1445 and the auxiliary FET 1445 has a drain node coupled
to an output signal port. In some embodiments, the source
and drain nodes of the auxiliary FE'T 1445 and the main FET
1440 can be reversed.

As 1 FIG. 13A, the device 1400 includes gate bias
networks 1456a, 145656 that allow for independent control of
the auxiliary FET 1445 and the main FET 1440. Also, the

body bias network 1454 can be used to provide a bias
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voltage to the bodies of the auxiliary FET 1445 and the main
FET 1440, but independent body bias networks may also be
utilized.

FIG. 14B illustrates a variation on the device 1400
described with reference to FIG. 14A. The device 1400 can
include a second auxiliary FET 14455 1n addition to the first
auxiliary FET 1443q, the two auxiliary FETs 1445a, 14455
in series with the main FET 1440 on either side of the main
FET. The device 1s controlled using 2 independent gate bias
networks where the auxihiary FETs 1445a, 144356 are con-
trolled by individual or joint gate bias networks 14565,
1456¢ (e.g., the gate bias networks 14565, 1456¢ can be
independent, tied together, or 1t can be a single bias network)
and the main FET 1440 1s conftrolled by the gate bias
network 1 1456a. Gate bias signals to the respective auxil-
1ary FE'Ts 1445a, 1443556 can be tailored to achieved targeted
performance from the main-auxiliary device 1400. Further-
more, the gate bias network 2 14565 provides a gate bias
signal to the first auxiliary FET 14435q that can be tuned
independently of the gate bias signal provided by the gate
bias network 2' 1456¢ to the second auxiliary FET 14455 to
achieve targeted performance characteristics.

FIG. 15A illustrates an example main-auxiliary device
1500 including two auxiliary FETSs or auxiliary paths 15454,
154556 1n series with a main FET or main path 1540 and a
third auxiliary FET or auxiliary path 1545¢ 1n parallel with
the main FET 1540. The device 1500 can include two (or
more) auxiliary FE'Ts either in parallel or in series with the
main FET with independent gate biases to achieve improved
overall performance. With independent auxiliary FE'Ts both
in series with and in parallel with the main FET, the R, /C,_
linearity can be independently tuned to improve linearity for
both ON and OFF branches. The device 1500 1s configured
as a combination of the device 1300, described herein with

reference to FIGS. 13A-13C, and the device 1400, described
herein with reference to FIGS. 14A and 14B. As 1n those
devices, the device 1500 can be independently controlled
using gate bias networks 15564-15564d. In some embodi-
ments, the auxiliary gate bias networks 13565 and 1556c¢ can
be tied together or can be a common bias network. The
bodies of the auxiliary FETs and the main FET can be shared
with a common body bias network 1554. In some embodi-
ments, one or more of the bodies of the auxiliary FETs
and/or the main FET 1s independent and controlled inde-
pendently or with the common body bias network 1554,
FIG. 15B illustrates an example main-auxiliary device
1500 that includes a main FET stack or path 1540 and an

auxiliary FET or path 1545. The mamn FET stack 1540
includes a plurality of main FE'Ts connected 1n series. The
auxiliary FET 1543 1s coupled 1n parallel with one or more
of the main FETs. In some embodiments, as illustrated in
FIG. 15C, the auxiliary and main configurations are
reversed, the device 1500 including an auxiliary FET stack
1540 and a main FET 1540 1n parallel with one or more of
the FETs 1n the auxiliary FET stack 1545. FIG. 15D 1llus-
trates the main-auxiliary device 1500 where the auxiliary
path 1545 1s coupled to the source and drain nodes of the
bottom and top FETs of the main stack 1540. Similarly, FIG.
15E illustrates the main-auxiliary device 1500 where the
main path 1540 1s coupled to the source and drain nodes of
the bottom and top FETs of the auxiliary stack 13545.

The device 1500 illustrates that both the auxiliary FET
and the main FE'T can be 1-stack or multi-stack devices. The
device can have the same source/drain node for each stack
or can connect source/drain nodes after N stacks (not
shown). The source/drain node of the auxiliary FET can be
the same as the main FET or in between (e.g., coupled in
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parallel with one or more FETs within the stack). The
number of FETs 1n the auxiliary and/or main stack can be
different from one another.

As with the other devices described herein, the body
and/or substrate of the main-auxiliary device 1500 can be
shared between the active devices of the auxiliary and main
paths. This allows a single body bias network to be used to
bias the bodies of the respective devices. For example,
auxiliary FETs and main FETs of the respective paths can
have shared bodies so that a bias voltage applied to one body
1s applied to the other bodies. However, other configurations
allow for auxiliary FETs and main FETSs to have independent
bodies and/or substrates. In such configurations, the inde-
pendent bodies can be independently biased or they can be
biased using a common body bias network. Accordingly, the
main-auxiliary devices 1500 disclosed herein can include a
body that 1s shared or not shared.

FIG. 16 illustrates an example main-auxiliary device 1600
with a configuration similar to the device 1500 described
herein with reference to FIGS. 15A-15E. The device 1600
illustrates a configuration where the bodies of the respective
FETs in the device 1600 are independently biased using
body bias networks 16354a-16544d. In addition, the device
1600 includes a main hybrid path 1640 that includes one or
more auxiliary FETs 1n series with one or more main FETs,
the main hybrid path being connected 1n parallel with an
auxiliary path 1645. For example, the top or the bottom
active device 1n the main hybrid path 1640 can be a main
FET and the middle FET or FET stack can be an auxihary
device that 1s coupled in parallel with the auxiliary path
1645.

FIG. 17 illustrates an example main-auxiliary device 1700
with a configuration similar to the device 1600 described
herein with reference to FIG. 16. However, the device 1700
illustrates a configuration where the bodies of the respective
FETs are biased using the gate bias networks 1756a-1756d.
The device 1700 includes a coupling circuit for each aux-
iliary FET and main FET 1n the device, wherein the coupling
circuit couples the respective body nodes to the gate nodes.
The coupling circuit can include a diode between the body
node and the gate node. Such a diode can be implemented
to, for example, provide voltage-dependent couplings. In
some embodiments, a given diode can be reversed from the
configuration as shown as needed or desired.

FIG. 18 illustrates an example main-auxiliary device 1800
with a configuration similar to the device 1600 described
herein with reference to FIG. 16. However, the device 1800
illustrates a configuration where the bodies of the auxiliary
and main FETs that are coupled together in series are biased
using the gate bias networks 1856a-1856¢ and the body of
the auxiliary FET coupled 1n parallel with the main hybnd
path 1840 1s independently biased using body bias network
1854. In some embodiments, 1t 1s the main hybrid path 1840
that 1s independently controlled by the body bias network
1854 and each auxiliary FET has a body node electrically
coupled to its gate node to be controlled by the associated
gate bias networks 18565-18564. In some embodiments, one
or more body terminals of auxiliary FETs and/or main FETSs
can be coupled to a gate bias network and one or more body
terminals of auxiliary FETs and/or maimn FETs can be
coupled to individual body bias networks or a common body
bias network.

FIG. 19 illustrates an example main-auxiliary device 1900
with a series of main-auxiliary parallel FETs coupled in
series. HFach main-auxiliary parallel FET or main-auxiliary
pairing includes an auxiliary FE'T and a main FET connected
in parallel, sharing source and drain nodes. These main-
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auxiliary parallel FETs also share a body or have body nodes
that are coupled together. As illustrated, these body nodes
are electrically coupled to the gate bias networks 1956d-
1956/ of the respective auxiliary FETs using a coupling
circuit with a diode, but 1t 1s to be understood that a common
or individualized body bias network can be utilized. The
main path 1940 and the auxiliary path 1945 form a seg-
mented main-auxiliary branch 1900 wherein a signal
through the branch 1900 i1s divided at each main-auxiliary
pairing and combined at a node between the pairings.

The main-auxiliary parallel FETs are coupled together in
series to form the main-auxiliary device 1900. The respec-
tive auxiliary FETs 1945 and main FETs 1940 can be
independently controlled using gate bias networks 1956a-
19567/. However, it 1s to be understood that two or more
auxiliary FE'Ts may be controlled using a common auxiliary
gate bias network. Similarly, it 1s to be understood that two
or more main FETs may be controlled using a common main
gate bias network. Although three main-auxiliary parallel
FETs are illustrated, 1t 1s to be understood that the device
1900 can include at least 2 such parallel configurations, at
least 3 such parallel configurations, at least 4 such parallel
configurations, at least 5 such parallel configurations, at least
10 such parallel configurations, and so on.

FIG. 20A illustrates an example main-auxiliary branch
2000 including an auxiliary FET stack 2045 and a main FET
stack 2040. The auxiliary FETs 1n the stack 2045 can be
independently controlled (e.g., using gate bias network 2
2056d, 2056¢, 2056f) or two or more of the auxiliary FETSs
in the stack 2045 can be controlled using a common auxil-
lary gate bias network (e.g., by consolidating gate bias
network 2 2056d, 2056e, 2056/ mto a single gate bias
network). Similarly, the main FETs 1n the stack 2040 can be
independently controlled (e.g., using gate bias network 1
20564, 2056b, 2056¢) or two or more of the main FETs 1n
the stack 2040 can be controlled using a common main gate
bias network (e.g., by consolidating gate bias network 1
20564, 2056b, 2056¢ 1nto a single gate bias network).

The stack of auxiliary FETs 2045 and the stack of main
FETs 2040 share a body so that a common body bias
network 2054 can be used to provide a body bias voltage to
the FETs in the main-auxiliary branch 2000. It 1s to be
understood, however, that the main FETs 2040 can share a
body and the auxiliary FETs 2043 can share a body, with the
bodies of the auxiliary FET stack 2045 being independent
from the bodies of the main FET stack 2040. In such
embodiments, a common body bias network can be used to

provide a blas voltage to the body nodes of the auxiliary
FETs 20435, to the body nodes of the main FE'Ts 2040, or to

both the body nodes of the auxiliary FETs 2045 and the body
nodes of the main FETs 2040.

The device 2000 can connect the source and drain nodes
of the auxiliary FET stack 2045 and the main FET stack
2040 atter N FETs. The number of FETs in the auxihary
stack 2045 and/or main stack 2040 can be different from one
another. The main-auxiliary branch 2000 can include an
input node (e.g., a source node), an output node (e.g., a drain
node), a first gate node (e.g., an auxiliary gate node), a
second gate node (e.g., a main gate node), and a body bias
node. Using these five nodes, multiple auxiliary FETs and
multiple main FETs can be controlled to provide a signal
with improved linearity relative to configurations that do not
utilize a main-auxiliary branch configuration.

FIG. 20B 1illustrates another example main-auxiliary
branch 2000 wherein the gate of a FE'T 1n the auxiliary FET
stack 20435 1s biased using the gate bias network 1 2056¢ of
a FET 1n the mamn FET stack 2040. FIG. 20C illustrates
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another example main-auxiliary branch 2000 wherein the
gates of two or more of the FETs 1n the auxiliary FET stack
2045 are biased using the gate bias network 1 2056¢ of a
FET 1in the main FET stack 2040. FIG. 20D 1illustrates
another example main-auxiliary branch 2000 wherein the
gates of two or more of the FETs 1n the auxihiary FET stack
2045 are biased using the gate bias network 1 205656 of two
or more FETs in the main FET stack 2040. FIG. 20E
illustrates another example main-auxiliary branch 2000
wherein the gates of all of the FETs in the auxiliary FET
stack 2045 are biased using the gate bias network 1 20565
of two or more FETs in the main FET stack 2040.

Accordingly, FIGS. 20A-20E illustrate various main-
auxiliary branches 2000 and configurations for gate bias
networks to bias the gates of active devices 1n the main path
2040 and the auxiliary path 2045. For example, the gate of
cach active device 1n the main path 2040 and the gate of each
active device 1n the auxiliary path 2045 can be biased using
a dedicated gate bias network. As another example, the gates
of some of the active devices 1n the main path 2040 share a
common gate bias network with the gates of some of the
active devices 1n the auxiliary path 2045. In such embodi-
ments, the active devices that do not share a common gate
bias network can be biased using individual gate bias
networks.

FIG. 21A illustrates an example main-auxiliary device
2100 having a first auxﬂlary FET 2145 coupled to a main
FET stack 2140 that 1s 1n turn coupled to a second auxihary
FET 2145. In this configuration, the auxiliary/main devices
are subsets of fingers of a multi-finger device wherein the
auxiliary FETs 2145 are a subset of fingers and the main
FET stack 2140 is the other subset of fingers. To illustrate an
advantage of this configuration, and by way of example, the
process details of the fingers used as the auxiliary FET 21435
may be adjusted differently from the fingers used as the main
FET stack 2140 such that the auxiliary FET 2145 can be
configured to be 1n a subthreshold or weak inversion region
while the main FET stack 2140 1s 1n a strong inversion
region. As another example, the process details can be
tailored such that third-order harmonics (H3) and/or inter-
modulation distortion (IMD3) generated by the auxiliary
devices 2145 1s 1n opposite phase and of similar magnitude
with the H3 and/or IMD3 generated by the main device 2140
to improve the linearity of the main-auxiliary device 2100.

Another advantage of this configuration 1s that, with the
auxiliary FETs 2145 and main FETs 2140 being produced
using tailored processes, a common gate bias network 2156
can be used to control the auxiliary FETs 2145 and the main
FET stack 2140. Due at least in part to the different char-
acteristics of the auxiliary FETs 2143 and the main FETs
2140, diflerent performance characteristics can be achieved
using the common gate bias network 2156. Similarly, the
auxiliary FETs 21435 and the main FETs 2140 can share a
body or can tie their respective body nodes together to be
controlled by a common body bias network 2154.

FIG. 21B 1illustrates an example embodiment of a main-
auxiliary device 2100 wherein the auxiliary path 2145 is
coupled 1n parallel with the main path 2140. Similar to the
device described herein with reference to FIG. 21A, the
auxﬂlary FETs 1n the auxiliary path 2145 and the main FETs
in the main path 2140 are processed to have properties
configured to result in a reduction 1 distortions when
applying a single gate bias signal to the FETs of the auxiliary
path 2145 and the FETs of the main path 2140.

The main-auxiliary devices 2100 described with respect
to FIGS. 21A and 21B can be conﬁgured so that the main

FETs 2140 operate 1n a strong inversion region and the
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auxiliary FETs 2145 operate in a subthreshold or weak
inversion region when a tailored gate bias signal 1s applied
by the gate bias network 1 2156 to the FETs 1n both the main
path 2140 and the auxiliary path 2145. To accomplish this,
the main FETs 2140 can be configured to have a threshold
voltage that 1s much lower than the threshold voltage of the

auxiliary FETs 2145. In this way, when a gate bias voltage

1s applied to the main FETs 2140 that 1s greater than the main
FET threshold voltage, the gate bias voltage can also be less
than the auxiliary FET threshold Voltage causmg the main
FETs 2140 to operate 1n the strong inversion region and the
auxiliary FETs 2145 to operate 1n the subthreshold or weak
inversion region. The main FETs 2140 and/or auxiliary FETSs
2145 can be processed to have diflerent physical character-
1stics to achieve these properties. For example, and without
limitation, the channel length, thickness of the gate oxide,
channel doping, gate work function, etc. can be tuned for the

main FETs 2140 and the auxiliary FETs 2145 so that the

threshold voltages and other characteristics are within tar-
geted ranges.

Similarly, as described herein, the main FETs 2140 and
the auxiliary FETs 2145 can be implemented as a multi-
finger device. The physical characteristics of the multi-
finger device can be tuned to reduce distortions. For
example, properties of the auxihiary FETs can be tuned so
that signals generated by the auxiliary FETs reduce or cancel
distortions 1n signals generated by the main FETs. Properties
of the multi-finger device that can be tuned include, for
example and without limitation, channel length, thickness of
the gate oxide, channel doping, gate work function, etc. This
allows a single gate bias voltage to be applied to the
multi-finger device that results 1n some fingers operating in
a strong mversion region while the rest of the fingers operate
in a subthreshold or weak inversion region. This can be done
to achieve harmonic cancellation or reduction.

In the main-auxiliary devices described herein, the aux-
illiary FET(s) can be replaced with a gate-controlled
MOSCAP. This can allow the devices to tailor the capacitor
characteristics of the auxiliary element. Similarly, 1n the
main-auxiliary devices described herein, the auxihiary FET
(s) can be replaced with a gate-controlled diode. The gate-
controlled diode can be implemented with an independent
cathode bias network to provide similar advantages to those
described herein. In some embodiments, this may improve
control of the overall device performance characteristics. In
some embodiments, a combination of gate-controlled
capacitors, gate-controlled diodes, and transistors can form
the active devices of the main-auxiliary branches described
herein.

FIGS. 22A and 22B illustrate a simulation demonstrating,
improved linearity for a main-auxiliary device, as described
herein. FIG. 22A illustrates an example main-auxiliary
device 2200 implemented as an auxiliary FET in parallel
with a main FET with the body nodes being coupled to the
respective gate nodes through a coupling circuit having a
diode, similar to the device 1700 described herein with
reference to FIG. 17. A gate bias voltage VG1 1s applied to
the main FET and a gate bias voltage V(G2 1s applied to the
auxiliary FET.

FIG. 22B illustrates a plot 2250 of simulated results
related to the nonlinearity of the device 2200. To obtain the
plot 2250, the gate bias voltage V(1 to the main was fixed
and simulations were done over a range of gate bias voltages
for the auxiliary FET. This was repeated for two gate bias
voltages V(G1, 3.3 V and 3.5 V. The results of the simulated
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particular gate bias voltage VG2 applied to the auxihary
FET, which 1s seen in the plot where 1t dips downward for
both VG1 voltages.

Without desiring to be limited to a single theory, it 1s
believed that the improvement in the linearity for a particu-
lar gate bias voltage V(G2 1s due at least 1n part to harmonic
cancellation. The harmonics generated by the auxiliary FET
are similar 1n magnitude and opposite 1 phase or sign as
those generated by the main FET. At the output, these
generated harmonics interfere destructively (e.g., or substan-
tially cancel each other out) resulting in reduced IMD3
(resulting 1n 1mproved linearity through the device 2200).
These perturbations caused by the auxihary FET can be
tailored to cancel or counteract harmonics generated by the
main FET by tuning the gate bias voltage of the auxiliary
FET.

The characteristics of the improvement in IMD3, and
hence linearity, can be altered by altering the physical
characteristics of the auxiliary FET, by altering the number
of active devices used in the auxihiary path, and/or by
altering the operating region of the auxihary FET (e.g., by
applying a targeted gate bias to the auxiliary FET). Thus, by
tailoring the auxiliary FET or path characteristics and/or by
tailoring the gate bias(es) to the auxiliary FET or path, the
device 2200 and other similar main-auxiliary devices can be
configured to improve the overall performance of the device.
In certain simulations, improvements of about 12 dBm were
measured by using gate bias tuning for the auxiliary FET.
Accordingly, to dertve improved or optimal operating con-
ditions, a map can be made relating signal power, main gate
bias voltage, and auxiliary gate bias voltage to determine
targeted gate bias voltages for the auxiliary path to achieve
targeted performance characteristics. In certain implemen-
tations, body bias voltages and/or substrate bias voltages
may also be included 1n the map to further tailor operating
parameters to achieve targeted performance.

FIG. 23A 1llustrates an example main-auxiliary device
2300 wherein a main path 2340 includes a plurality of FETs
biased using a main gate bias network 2356a and an auxil-
1ary path 23435 includes a plurality of FETs biased using an
auxiliary gate bias network 23565 independent of the main
gate bias network 2356a. The number of FETs 1n the main
path 2340 can be 2 or more FETs. The number of FETs 1n
the stack can be configured based on power reqmrements of
the device. For example, the number of FETs 1n the main
path 2340 can be relatively high for power handling require-
ments and can be configured to have a relatively large
periphery to reduce msertion losses. Because the auxiliary
path 2345 is 1n parallel with the main path 2340, the stack
number and periphery of the auxiliary FETs can be tuned
more freely to achieve improved linearity. This 1s due at least
in part to the nonlinearity of the auxiliary FETs being a
function of the stack number and the FET periphery. This
may be particularly applicable where the main and auxiliary
FETs are of the same device type.

In some embodiments, the main gate bias network 23564
provides a static gate bias signal. In certain embodiments,
the main gate bias network 2356a provides a dynamic gate
bias signal. In some embodiments, the auxiliary gate bias
network 23565 provides a static gate bias signal. In certain
embodiments, the auxiliary gate bias network 235656 pro-
vides a dynamic gate bias signal. In various implementa-
tions, the main gate bias network 2356a provides a gate bias
voltage that 1s greater than the gate bias voltage provided by
the auxiliary gate bias network 23565. The main gate bias
network 2356a can be configured to provide a gate bias
voltage that causes the FETs in the main path 2340 to
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operate 1n a strong inversion region and the gate bias voltage
provided by the auxiliary gate bias network 23565 1s con-
figured to cause the FETs in the auxiliary path 23435 to
operate 1n a subthreshold or weak inversion region.

The device 2300 can be used 1n a switch branch that can
be switched on and ofl. In such implementations, both the
main path 2340 and the auxiliary path 2345 can be advan-
tageously configured to have relatively large stack numbers
for power handling 1n the ofl state. To better improve
performance, the gate bias signal applied to different FETs
or subsets of FETs 1n the auxiliary path 2345 can differ from
one another. This can allow more fine-tuning of the signal
characteristics and may result 1n 1mproved performance
relative to embodiments where a single gate bias voltage 1s
applied to all the FETs 1n the auxihary path 2345. By way
of example, to improve linearity in the “on” state, one or
more FETs 1n the auxiliary path 2345 can be biased to
operate 1n the weak inversion region, while the remaimng
FETs are biased to operate in the strong inversion region.
Furthermore, to improve linearity 1n the “off” state, one or
more FETs 1n the auxiliary path 2345 can be biased to
operate 1n the weak inversion region, while the remaining
FETs are biased to operate in the accumulation region.
Accordingly, 1t 1s to be understood that the gate bias network
2356 can be configured to apply different gate bias signals
to different FETs or groups of FETs 1n the auxiliary path
2345 (similar to the main-auxiliary device 2000 described
herein with reference to FIG. 20A).

FIG. 23B illustrates the main-auxiliary device 2300 of
FIG. 23A having a feedback loop configured to adjust the
bias provided by the auxiliary gate bias network 23565. A
coupler 2371 can be included to generate a signal related to
the signal at the input node. The coupler 2371 1s coupled to
a bias feedback module 2372 that 1s configured to analyze or
process the signal from the coupler 2371 and to generate a
teedback signal. The bias feedback module 2372 sends the
teedback to the auxiliary gate bias network 23565 which
determines, generates, modifies, and/or adjusts the gate bias
signal to the auxiliary path 2345. This can be done to
improve performance of the main-auxiliary device.

Due at least 1n part to diflerences in coupling at the gate,
body and between source and drain, performance of the
main-auxiliary device 2300 can change as a function of
input signal (e.g., input power, frequency, etc.). Accordingly,
the bias feedback module 2372 1s implemented to provide
input to the gate bias network 235656 to dynamically adjust
the gate bias voltage to the auxiliary path depending on the
input signal characteristics.

FIG. 24A illustrates an example main-auxiliary device
2400 having a main FET stack or path 2440 and an auxiliary
FET stack or path 24435, the auxiliary path 2445 including a
first subset of FETs, second subset of FETs, and a third
subset of FETs wherein the first and third subsets of FETSs are
biased using a auxﬂiary gate bias network 2456¢ and the
second subset of FETs 1s biased using a different auxiliary
gate bias 24565, the first and third subsets of FE'Ts control-
ling access to the auxiliary path 2445.

The main stack 2440, which includes an n-stack of
switches, can be configured to serve as a primary signal path
between the input node and the output node. Due at least in
part to the nonlinearity of this configuration (e.g., harmon-
ics, intermodulation products, etc.), it may be desirable to
improve performance by at least reducing nonlinearity to
meet specifications for wireless standards or other such
standards. Accordingly, the auxiliary path 2445 1s included
in parallel with the main path 2440. The auxiliary path 24435
includes a nonlinear generator (e.g., the second subset of
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FETs) and FETs acting as secondary nonlinear generators
and switches controlling access to the auxiliary path 2445.
In some embodiments, the total stack of FETs 1n the auxil-
1ary path 2445 would equal or exceed the number of FETSs
in the main path 2440, however the number of FETs 1n the
auxiliary path 2445 can be less than, the same, or greater
than the number of FETs 1n the main path 2440.

The first and third subsets of FETs can be configured to

have a suflicient stack height to withstand voltage and power
requirements at both the input node and the output node.
This allows the device 2400 to be used 1n both “on™ and
“off” configurations 1n a switch application.
The auxiliary path 2445 can be configured to generate a
nonlinearity (harmonic, IMD, etc.) that 1s approximately
equal in magnitude and opposite in phase as the nonlinearity
of the main path 2440. The net effect of the signal traveling
between the mput node and the output node through both the
main path 2440 and the auxiliary path 2445 1s improved
relative to a signal path through the main path 2440 alone.
The nonlinearity generated in the auxiliary path 2445 can be
a function of biasing and sizing of the nonlinearity generator.
The first and third subsets of FETs also contribute to the
nonlinearity of the auxiliary path, aiding in the reduction of
distortions generated by the main path 2400. The bias signal
provided to the second subset of FETs (e.g., the primary
nonlinearity generator) can depend on frequency, input
power, temperature, and/or the type of nonlinearity to be
cancelled 1n the device 2400.

The first and third subsets of FETs 1n the auxiliary path
2445 can be used 1n several ways 1n the device 2400. For
example, when the first and third subsets of FETs are in the

on” state and the main switch 1s on, the first and third
subsets of FETs can be biased at or near the same voltage as
the FETs of the main path 2440 (e.g., about 2.5 V). In this
arrangement, the distortions (e.g., nonlinearity) of the main
path 2440 and the auxiliary path 2445 can substantially
cancel, thus improving nonlinearity (harmonic, IMD, etc.) of
the switch.

As another example when the first and third subsets of
FETs are 1n the “off” state and the main switch on, the first
and third subsets of FETs block the signal from entering the
auxiliary path 2440. Thus, the signal travels from the 1nput
node to the output node through the main path 2440. This
case may be utilized where the nonlinearity of the main path
2440 1s suitable or 1n cases where using the auxiliary path
2445 1s otherwise undesired. The first and third subsets of
FETs can be designed (e.g., have a suflicient stack height) to
withstand maximum voltages seen at the mput and output
nodes.

As another example when the first and third subsets of
FETs are 1n the “off” state and the main switch off, the
main-auxiliary dewce 2400 1s fully off. The first and third
subsets of FE'Ts 1n the auxiliary path 2445 and the main path
2440 can include suflicient stack height to withstand maxi-
mum voltage swings at the output node.

FIG. 24B 1illustrates the main-auxiliary device 2400 of
FIG. 24 A with the removal of the third subset of FETs 1n the
auxiliary path 2445. FIG. 24C illustrates the main-auxihary
device 2400 of FIG. 24 A with the removal of the first subset
of FETs 1n the auxiliary path 2445. These embodiments have
similar functionality to the device 2400 described herein
with reference to FIG. 24A.

Improvement ol Linearity Using Auxiliary Paths

FIG. 25 illustrates example circuits that improve signal
linearity through the use of an auxiliary path. Configuration
A represents a switch path 2500q that goes through a main
path having a main FET 2540q with a gate bias VGS applied
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to i1ts gate and then through a load to ground. The signal 1s
a two-tone signal that includes two frequency components:

f, and 1,. The switch path 2500q is represented as a main
nonlinear resistor 254056 1n place of the main FET 25404
when the switch 1s turned on, as shown 1n the circuit on the

right.

The nonlinear resistor 254056 generates harmonics with a
particular magnitude and phase. By way of example, the
magnitude of V,__ ,having the frequency components 1, and
f, 1s proportional to:

dly

V

with I, being the current through the nonlinear resistor and
load. In addition, the output of the switch path includes
harmonics and intermodulation products where the magni-
tude of V,__,includes frequencies (2*1f,-1,) and (2*t,-1,),
¢.g., third-order harmonics, which 1s represented by the
dotted line with an arrow at the load. Third-order harmonics
(H3) and intermodulation products (IM3) (with frequencies
(2*1,-1,) and (2*1,-1,)) are closely related to the third-order
derivative of the current flowing through the main switch
path. Accordingly, V,_ _ . 1s proportional to:

F I,
V3

Vicad o<

with I, being the current through the nonlinear resistor and
load.

As described herein, distortions due to harmonics 1n a
switch path can be reduced through the introduction of an
auxiliary path. The auxiliary path can be used to generate
harmonics with similar magmtude and opposite phase to
reduce the harmonics of the switch path. This reduces
harmonics through the switch path and thereby improves
nonlinearity. By properly biasing the auxiliary path, a tar-
geted reduction or cancellation of harmonics can be
achieved.

Configuration B represents another switch path 25005 that
goes through the main FET 2540a and load to ground but
with the addition of an auxiliary FET 23454 1n parallel with
the FET 23540q. The same two-tone signal 1s applied that
includes the two frequencies 1, and 1,. When the switch path
250056 1s on 1t can be represented as the main nonlinear
resistor 254056 1n parallel with an auxiliary nonlinear resistor
25455 1n place of the auxiliary FET 25454, as shown in the
circuit on the right.

As stated above, the output of the auxiliary nonlinear
resistor 25456 1ncludes harmonics and intermodulation
products where the magnitude of V,__ , includes frequencies
(2*1,-1,) and (2*1,-1,), e.g., third-order harmonics, which 1s
represented by the dashed line with an arrow at the load. The
third-order harmonics (H3) and intermodulation products
(IM3) (with frequencies (2*f,-1,) and (2*t,-1,)) are closely
related to the third-order derivative of the current flowing
through the auxiliary nonlinear resistor 25455. Accordingly,
V, . contributed by the auxiliary path 1s proportional to:

sl
V3

Vicad o
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with I', being the current through the auxiliary nonlinear
resistor 254556, The resulting combination of signals from
the main nonlinear resistor 25406 and the auxiliary nonlin-
car resistor 2545b can be configured to destructively inter-
tere by configuring the bias of the auxiliary FET 25454a so
that the resulting signal has third-order harmonics that are of
a similar magnitude but opposite phase as the signal out of
the main FET 2540q. In this way, nonlinearity can be
improved at the load and/or the output of the main-auxiliary
branch formed by the main path 2540q and the auxiliary path
2545a.

It 1s to be understood that although the switch paths are
illustrated with a single FET, the switch paths can be
implemented with stacks of FETs. For example, the main
path 2540q can include a single FET or a plurality of FETs.
Similarly, the auxiliary path 25454 can include a single FET
or a plurality of FETs, with the number of FETs 1n the main
path 2540q different from the number of FETs in the
auxiliary path 2545a.

FIG. 26A 1illustrates an example FET stack 2600 that 1s
used 1n simulating the magnitude and phase of third-order
harmonics, the results of which are illustrated in FIG. 26B.
In the FET stack 2600, the total number of FETs in the
simulation 1s 12 with a total width of 3.5 mm and a length

of 0.24 um. The input power of the signal was simulated as
20 dBm and V18 0 V.

As 1s shown 1n the plot 2605 of FIG. 26B, the magnitude
of the third-order harmonics varies as a function of the gate
voltage. As shown 1in the plot 2610, the phase of the
third-order harmonics also changes with gate voltage, with
a change 1n phase of 180 degrees at a particular gate voltage.
The gate voltage here 1s about 0.6 V where this transition
occurs, but i1t 1s to be understood that difterent FET con-
figurations will have a diflerent gate voltage where this
transition occurs. Accordingly, as 1s 1llustrated by this simu-
lation, the gate bias of a FET stack can be tailored or tuned
to achieve a targeted magnitude and phase of third-order
harmonics. This can be done to reduce or cancel third-order
harmonics generated by another FET stack 1n a switch path,
for example, thereby improving linearity through the switch
path.

FIG. 27 A 1llustrates a plot 2705 of data corresponding to
third-order intermodulation products (IM3) of a switch path
with a main path having a 12-FET stack biased using a gate
bias of 3.5 V. The points labeled *“1-stack™ correspond to an
auxiliary path in parallel with the main path where the
auxiliary path includes a single FET. Similarly, the points
labeled “2-stack” and “3-stack” correspond to auxiliary
paths 1n parallel with the main path where the auxiliary path
includes two FE'Ts and three FETs, respectively. The gate
bias 1s varied for the auxiliary path and the resulting signal
characteristics are shown 1n the plot 2705. This data 1ndi-
cates that the FET stack size of the auxiliary path can
influence the resulting improvements in signal linearity.
Accordingly, in addition to tuming the gate bias, the auxiliary
path can be configured to include a targeted or suitable
number of FETSs to achieve improvements in signal linearity.

FIG. 27B illustrates a plot 2710 of third-order intercept
point (IP3) as a function of gate bias applied to a subset of
FETs 1n an auxiliary path. The data corresponds to a circuit
with a main path having a 12-FET stack biased using a gate
bias of 3.5 V and an auxiliary path having a 12-FET stack
where four of these FE'Ts are biased using a fixed bias (1.2
V) and the remaining eight FETs were biased using a
varying voltage, 1llustrated in the plot as VG3. The plot 2710
illustrates the eflect on IP3 of varying voltage on a subset of
the FETs 1n an auxiliary path. Accordingly, another param-
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cter that can be tuned i an auxiliary path to achieve
improved signal linearity 1s the gate bias applied to a subset
of FETs. In other words, diflerent gate biases can be applied
to different subsets of FETs 1n an auxiliary path to achieve
targeted reductions 1n distortions.

Consequently, as described herein, linearity of a signal
through a switch path can be improved through the intro-
duction of an auxiliary path 1n addition to a main path. To
tune the signal out of the auxiliary path to achieve a desired
or targeted improvement in linearity, one or more of the
following can be done: the number of FETs 1n an auxiliary
path can be varied, the gate bias applied to one or more FETs
in the auxiliary path can be tailored, diflerent gate biases can
be applied to different subsets of FETs 1n the auxiliary path,
multiple auxiliary paths can be implemented, auxiliary paths
can be implemented 1n series and/or 1n parallel with a main
path, and the like. As 1s evident from the description herein,
this list 1s not exhaustive of the ways to utilize an auxiliary
path to improve signal linearity. It should be understood that
the present disclosure encompasses variations and permu-
tations of the embodiments described herein.

Examples Related to Implementations 1in Products

Various examples of main-auxiliary FE'T devices, circuits
based on such devices, and bias/coupling configurations for
such devices and circuits as described herein can be imple-
mented 1 a number of different ways and at different
product levels. Some of such product implementations are
described by way of examples.

FIGS. 28A, 28B, 28C, and 28D illustrate non-limiting,
examples of such implementations on one or more semi-
conductor die. FIG. 28A 1illustrates that in some embodi-
ments, a switch with a main-auxiliary branch 860 and a
bias/coupling circuit 850 having one or more features as
described herein can be implemented on a die 800. The
switch with a main-auxiliary branch 860, for example, can
include one or more main-auxiliary branches having the
teatures described herein. The bias/coupling circuit 850, for
example, can include one or more features of the bias
networks described herein. FIG. 28B 1llustrates that in some
embodiments, at least some of the bias/coupling circuit 850
can be implemented outside of the die 800 of FIG. 28A.

FIG. 28C illustrates that in some embodiments, a switch
with a main-auxiliary branch 860 having one or more
features as described herein can be implemented on one die
800b, and a bias/coupling circuit 850 having one or more
features as described herein can be implemented on another
die 8004. FIG. 28D 1llustrates that in some embodiments, at
least some of the bias/coupling circuit 850 can be imple-
mented outside of the other die 800a of FIG. 28C.

In some embodiments, one or more die having one or
more Ieatures described herein can be implemented 1n a
packaged module. An example of such a module 1s shown in
FIGS. 29A (plan view) and 29B (side view). Although
described in the context of both of the switch with a
main-auxiliary branch and the bias/coupling circuit being on
the same die (e.g., example configuration of FIG. 28A), 1t
will be understood that packaged modules can be based on
other configurations.

A module 810 1s shown to include a packaging substrate
812. Such a packaging substrate can be configured to receive
a plurality of components, and can i1nclude, for example, a
laminate substrate. The components mounted on the pack-
aging substrate 812 can include one or more die. In the
example shown, a die 800 having a switch with a main-
auxiliary branch 860 and a bias/coupling circuit 850 1is
shown to be mounted on the packaging substrate 812. The
die 800 can be electrically connected to other parts of the
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module (and with each other where more than one die 1s
utilized) through connections such as connection-wirebonds
816. Such connection-wirebonds can be formed between
contact pads 818 formed on the die 800 and contact pads 814
formed on the packaging substrate 812. In some embodi-
ments, one or more surface mounted devices (SMDs) 822
can be mounted on the packaging substrate 812 to facilitate
various functionalities of the module 810.

In some embodiments, the packaging substrate 812 can
include electrical connection paths for interconnecting the
vartous components with each other and/or with contact
pads for external connections. For example, a connection
path 832 is illustrated as interconnecting the example SMD
822 and the die 800. In another example, a connection path
833 is illustrated as interconnecting the SMD 822 with an
external-connection contact pad 834. In yet another example
a connection path 835 1s illustrated as interconnecting the
die 800 with ground-connection contact pads 836.

In some embodiments, a space above the packaging
substrate 812 and the various components mounted thereon
can be filled with an overmold structure 830. Such an
overmold structure can provide a number of desirable func-
tionalities, including protection for the components and
wirebonds from external elements, and easier handling of
the packaged module 810.

FIG. 30 illustrates a schematic diagram of an example
switching configuration that can be implemented in the
module 810 described 1n reference to FIGS. 29A and 29B.
In the example, the switch with a main-auxihiary branch 860
1s 1llustrated as being an SP9T switch, with the pole being
connectable to an antenna and the throws being connectable
to various Rx and Tx paths. Such a configuration can
tacilitate, for example, multi-mode multi-band operations 1n
wireless devices. As described herein, various switching
configurations (e.g., including those configured for more
than one antenna) can be implemented for the switch with a
main-auxiliary branch 860. As also described herein, one or
more throws of such switching configurations can be con-
nectable to corresponding path(s) configured for TRx opera-
tions. One or more of the switchable paths through the
switch with a main-auxiliary branch 860 can be imple-
mented using a main-auxiliary configuration, examples of
which have been described herein.

The module 810 can further include an interface for
receiving power (e.g., supply voltage VDD) and control
signals to facilitate operation of the switch with a main-
auxiliary branch 860 and/or the bias/coupling circuit 850. In
some 1mplementations, supply voltage and control signals
can be applied to the switch with a main-auxiliary branch
860 via the bias/coupling circuit 830.

In some 1implementations, a device and/or a circuit having
one or more features described herein can be mncluded 1n an
RF device such as a wireless device. Such a device and/or
a circuit can be implemented directly in the wireless device,
in a modular form as described herein, or 1n some combi-
nation thereof. In some embodiments, such a wireless device
can 1nclude, for example, a cellular phone, a smart-phone, a
hand-held wireless device with or without phone function-
ality, a wireless tablet, efc.

FIG. 31 1llustrates an example wireless device 900 having
one or more advantageous features described herein. In the
context ol various switches and various biasing/coupling
configurations as described herein, a switch with a main-
auxiliary branch 960 and a bias/coupling circuit 950 can be
part of a module 910. In some embodiments, the switch
module 910 can facilitate, for example, multi-band multi-
mode operations of the wireless device 900. The switch with
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a main-auxiliary branch 960 can use a main-auxiliary FET
device on one or more of the switchable paths through the
switch with a main-auxiliary branch 960. The bias/coupling
circuit 950 can provide gate and/or body biasing to the
main-auxiliary FET device(s) implemented 1n the switch
with a main-auxiliary branch 960 using any of the gate
and/or body bias network configurations described herein.

In the example wireless device 900, a power amplifier
(PA) assembly 916 having a plurality of PAs can provide one
or more amplified RF signals to the switch with a main-
auxiliary branch 960 (via an assembly of one or more
duplexers 918), and the switch with a main-auxiliary branch
960 can route the amplified RF signal(s) to one or more
antennas. The PAs 916 can receive corresponding unampli-
fied RF signal(s) from a transceiver 914 that can be config-
ured and operated in known manners. The transceiver 914
can also be configured to process received signals. The
transcerver 914 1s shown to interact with a baseband sub-
system 910 that 1s configured to provide conversion between
data and/or voice signals suitable for a user and RF signals
suitable for the transceiver 914. The transceiver 914 1s also
shown to be connected to a power management component
906 that 1s configured to manage power for the operation of
the wireless device 900. Such a power management com-
ponent can also control operations of the baseband sub-
system 910 and the module 910.

The baseband sub-system 910 1s shown to be connected to
a user interface 902 to facilitate various input and output of
voice and/or data provided to and received from the user.
The baseband sub-system 910 can also be connected to a
memory 904 that 1s configured to store data and/or mnstruc-
tions to facilitate the operation of the wireless device, and/or
to provide storage of information for the user.

In some embodiments, the duplexers 918 can allow trans-
mit and receive operations to be performed simultaneously
using a common antenna (e.g., 924). In FIG. 31, recerved
signals are shown to be routed to “Rx” paths that can
include, for example, one or more low-noise amplifiers
(LNASs).

A number of other wireless device configurations can
utilize one or more features described herein. For example,
a wireless device does not need to be a multi-band device.
In another example, a wireless device can include additional
antennas such as diversity antenna, and additional connec-
tivity features such as Wi-F1, Bluetooth, and GPS.

General Comments

The present disclosure describes various features, no
single one of which 1s solely responsible for the benefits
described herein. It will be understood that various features
described herein may be combined, modified, or omitted, as
would be apparent to one of ordinary skill. Other combina-
tions and sub-combinations than those specifically described
herein will be apparent to one of ordinary skill, and are
intended to form a part of this disclosure.

Some embodiments may be described with reference to
equations, algorithms, and/or flowchart illustrations. These
methods may be implemented using computer program
instructions executable using one or more processors or
dedicated integrated circuits or chips. In this regard, each
equation, algorithm, block, or step of a flowchart, and
combinations thereof, may be implemented by hardware,
firmware, and/or software including one or more computer
program 1nstructions embodied 1n computer-readable pro-
gram code logic. As will be appreciated, any such computer
program 1nstructions may be executed by any suitable
programmable processing apparatus to produce a machine,
such that the computer program 1nstructions implement the
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functions specified 1n the equations, algorithms, and/or
flowcharts. It will also be understood that each equation
and/or algorithm and combinations thereof, may be 1mple-
mented by special purpose processors or other hardware-
based systems that perform the specified functions or steps.
The various functions disclosed herein may be embodied 1n
computer-executable program instructions and/or 1mple-
mented 1 application-specific circuitry (e.g., ASICs or
FPGAs).

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed 1n an inclusive
sense, as opposed to an exclusive or exhaustive sense; that
1s to say, in the sense of “including, but not limited to.” The
word “coupled”, as generally used herein, refers to two or
more e¢lements that may be either directly connected, or
connected by way of one or more intermediate elements.
Additionally, the words “herein,” “above,” “below,” and
words of stmilar import, when used 1n this application, shall
refer to this application as a whole and not to any particular
portions of this application. Where the context permits,
words 1n the above Detailed Description using the singular
or plural number may also include the plural or singular
number respectively. The word “or” in reference to a list of
two or more 1tems, that word covers all of the following
interpretations of the word: any of the 1tems 1n the list, all of
the 1tems 1n the list, and any combination of the items in the
l1st.

The disclosure 1s not intended to be limited to the imple-
mentations shown herein. Various modifications to the
implementations described 1n this disclosure may be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other implementations
without departing from the spirit or scope of this disclosure.
The teachings of the invention provided herein can be
applied to other methods and systems, and are not limited to
the methods and systems described above, and elements and
acts of the various embodiments described above can be
combined to provide further embodiments. Accordingly, the
novel methods and systems described herein may be embod-
ied 1n a variety of other forms; furthermore, various omis-
s10ms, substitutions and changes in the form of the methods
and systems described herein may be made without depart-
ing from the spirit of the disclosure. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the disclosure.

What 1s claimed 1s:

1. A circuit assembly for performing a switching function,

the circuit assembly comprising:

a branch including a main path in parallel with a first
auxiliary path and the main path 1n series with a second
auxiliary path;

a body bias network coupled to the main path;

a first gate bias network connected to the main path, the
first gate bias network configured to bias the main path
in a strong inversion region;

a second gate bias network connected to the first auxiliary
path, the second gate bias network configured to bias
the first auxiliary path 1 a weak nversion region; and

a third gate bias network connected to the second auxil-
1ary path, the third gate bias network configured to bias
the auxiliary path in a weak inversion region, the
second gate bias network and the third gate bias net-
work configured to improve linearity of the switching
function.
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2. The circuit assembly of claim 1 wherein the body bias
network 1s further coupled to the first auxiliary path and to
the second auxiliary path.

3. The circuit assembly of claim 1 wherein the main path
comprises a plurality of field-eflect transistors.

4. The circuit assembly of claim 3 wherein the first
auxiliary path comprises a plurality of field-eflect transistors
and the second auxiliary path comprises a plurality of
field-eflect transistors.

5. The circuit assembly of claim 1 wherein the branch 1s
coupled between a series arm and a reference potential node
in a shunt configuration.

6. The circuit assembly of claim 5 wherein the second gate
bias network and the third gate bias network are configured
to reduce capacitive nonlinearity of the switching function.

7. The circuit assembly of claim 1 further comprising a
bias feedback module configured to adjust a bias of the
second gate bias network based at least 1n part on a power
or a frequency of an input signal to the branch.

8. The circuit assembly of claim 1 wherein the second gate
bias network 1s configured to bias the first auxiliary path to
generate third-order harmonics or third-order itermodula-
tion products that are opposite in phase to third-order
harmonics or third-order intermodulation products gener-
ated by the main path.

9. A radio-frequency (RF) switching configuration com-
prising;:

an 1mput node configured to receive an input signal;

an output node configured to provide an output signal
related to the mput signal;

a main-auxiliary branch coupled between the input node
and the output node, the main-auxiliary branch includ-
ing a main path having a main field-effect transistor
(FET), a first auxiliary path having a first auxiliary FET,
and a second auxiliary path having a second auxiliary
FET, the main path coupled in parallel with the first
auxiliary path and 1n series with the second auxiliary
path;

a main gate bias network configured to provide a main
gate bias voltage to the maimn FET, the main FET
configured to operate 1n a strong inversion region
responsive to the main bias voltage;

a first auxiliary gate bias network configured to provide a
first auxiliary bias voltage to the first auxiliary FET
such that the first auxiliary path generates distortions
that are opposite 1n phase to distortions generated by
the main path to reduce distortions through the main-
auxiliary branch; and

a second auxiliary gate bias network configured to pro-
vide a second auxiliary bias voltage to the second
auxiliary FET such that the second auxiliary path
generates distortions that are opposite 1n phase to
distortions generated by the main path to reduce dis-
tortions through the main-auxiliary branch.

10. The RF switching configuration of claam 9 wherein
the first auxiliary FET 1s configured to operate in a weak
inversion region responsive to the first auxiliary bias voltage
and the second auxiliary FET 1s configured to operate 1n a
weak 1nversion region responsive to the second auxiliary
bias voltage.

11. The RF switching configuration of claim 9 wherein the
main gate bias voltage 1s greater than the first auxilhiary gate
bias voltage and the second auxiliary gate bias voltage.

12. The RF switching configuration of claim 9 wherein
the main path further includes a second main FET.
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13. The RF switching configuration of claim 12 wherein
the main gate bias network 1s further configured to provide
the main gate bias voltage to the second main FET.

14. The RF switching configuration of claim 9 wherein
the first auxiliary path further includes a third auxiliary FET.

15. The RF switching configuration of claim 14 wherein
the first auxiliary gate bias network 1s further configured to
provide the first auxiliary gate bias voltage to the third
auxiliary FET.

16. The RF switching configuration of claim 14 further
comprising a third auxiliary gate bias network configured to
provide a third auxiliary gate bias voltage to the third
auxiliary FET.

17. The RF switching configuration of claim 16 wherein
the third auxiliary gate bias voltage 1s different from the first
auxiliary gate bias voltage and the second auxiliary gate bias
voltage.

18. The RF switching configuration of claim 14 wherein
the main gate bias network 1s further configured to provide
the main gate bias voltage to the thuird auxihiary FET.

19. The RF switching configuration of claim 9 further
comprising a body bias network configured to provide a
body bias voltage to the main FET, to the first auxiliary FET,
and to the second auxiliary FET.

20. The RF switching configuration of claim 9 wherein
the main gate bias network 1s configured to provide two
static voltages to the main FE'T corresponding to on and off
states.

21. The RF switching configuration of claim 20 wherein
the first auxiliary gate bias network 1s configured to provide
a dynamic voltage to the first auxiliary FET.

22. The RF switching configuration of claim 21 wherein
the first auxiliary gate bias network 1s configured to generate
the first auxiliary gate bias voltage responsive to a power of
the 1nput signal at the mput node.

23. The RF switching configuration of claim 21 wherein
the second auxiliary gate bias network 1s configured to
generate the second auxiliary gate bias voltage responsive to
a frequency of the mput signal at the mput node.

24. A radio-frequency (RF) module comprising:

a packaging substrate configured to receive a plurality of

devices; and

a circuit assembly mounted on the packaging substrate,

the circuit assembly including a branch including a
main path 1n parallel with a first auxiliary path and the
main path 1n series with a second auxiliary path, a body
bias network coupled to the main path, a first gate bias
network connected to the main path, the first gate bias
network configured to bias the main path in a strong
inversion region, a second gate bias network connected
to the first auxiliary path, the second gate bias network
configured to bias the first auxiliary path in a weak
imversion region, and a third gate bias network con-
nected to the second auxiliary path, the third gate bias
network configured to bias the second auxiliary path 1n
a weak 1nversion region, the second gate bias network
and the third gate bias network configured to improve
linearity of the switching function.

25. A wireless device comprising:

a transceiver configured to process radio-frequency (RF)

signals;

an RF module 1n communication with the transceiver, the

RF module including a circuit assembly including a
branch including a main path 1n parallel with a first
auxiliary path and the main path 1n series with a second
auxiliary path, a body bias network coupled to the main
path, a first gate bias network connected to the main
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path, the first gate bias network configured to bias the
main path 1n a strong mversion region, a second gate
bias network connected to the first auxiliary path, the
second gate bias network configured to bias the first
auxiliary path 1n a weak 1nversion region, and a third 5
gate bias network connected to the second auxiliary
path, the third gate bias network configured to bias the
second auxiliary path 1 a weak inversion region, the
second gate bias network and the third gate bias net-
work configured to improve linearity of the switching 10
function; and

an antenna in communication with the RF module, the
antenna configured to facilitate transmitting and/or
receiving of the RF signals.
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